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Abstract: The goal of this paper is to contribute to the design and study of forms driven by natural forces.
The research is based on the application of three disciplines: bionics, kinetics and modular design. The principles of
these interdisciplinary studies are applied and verified in the development of a reactive, aerodynamic, wind turbine
blade profile. Several variants of nature-inspired shapes and modular kinetic structures are offered, analyzed and tested
in order to optimize the design and reach maximum aerodynamics of the blade and the best performance under the
influence of wind. The final tests of the blade are conducted using an open-air tunnel. The created blade profile could
be applied in various products with possibility of moving under the influence of wind, rain, sea waves, etc. The shape
and structure could be used in designing industrial products, architectural and artistic objects, but also in the design of
complex engineering solutions.

Key words: aerodynamics; bionic design; Kinetic design; modular design; reactive wind turbine blade

BUO-NHCIIMPUPAHU KMHETUYKHU CTPYKTYPHU

AmcrtpaxrT: Lenra Ha 0BOj TPYA € Jia ce Jajie MPUAOHEC KOH JU3ajHOT U [POYYyBameTo Ha ()OPMHU KOH ce
JBUKAT MO JICjCTBO Ha HpUpoaHH cuid. VcrpaxyBamero ¢ 0a3upaHo Ha MpUMEHa Ha AWCHHUILTHHHTE OHOHHKA,
KHHETHKA U MOJIyJIapeH u3ajH. [I[pUMeHeTHTe MPUHIMIIN O/ OBUE HHTEPIUCIUIUTHHAPHU HCTPAXKYBabha Ce MPHMEHETH
U BepH(HUIHPaHK MPEKY pa3Boj HAa PEAaKTHBEH, acpoIHHAMHYCH NPOQUIT Ha [IepKa Ha BeTepHa TypOuHa. [ToHyaeHH ce
HEKOJIKY BapHjaHTH Ha GOPMH M KHHETHYKH CTPYKTYPH HHCIIMPUPAHH OJf TIPUPOIATa, KOH II0TOA Ce aHAIU3UPaHH U
TECTHPaHH CO LET a Ce ONTUMHU3MPa AW3ajHOT M Ja Ce MOCTHUTHE MaKCHMallHa aepOIMHaMHYHOCT Ha IepKaTa U
Hajmobpu mephopMaHCH IO IejCTBO Ha BeTepoT. DUHAIHUTE TECTHpamba Ha IepKaTa ce W3BPIICHH CO MPUMEHa Ha
BO3LyIIeH TyHel. JIu3ajHupaHuoT MpoGHIT Ha IepKaTa MoKe a Oue MpUMEHET BO Pa3IHIHU IPOU3BOIH CO MOKHOCT
3a JIBUKCHHE TO/I JIEjCTBO Ha BeTep, 0K, MOPCKH OpaHOBH UTH. DPopMara U CTpyKTypara Moxat 1a Guaar npuMeHeTH
BO [(M3ajH HA WHIYCTPHCKH MPOW3BOJH, apXUTEKTOHCKH W YMETHHYKH OOjEKTH, HO M BO JIM3ajH HA KOMIUICKCHH
WHXXEHEPCKHU pelIeHHja.

Kiryynu 300poBu: aeporuHaMuKa; OMOHUYKH IH3ajH; MOMYyJIapeH JHU3ajH; MepKa Ha peakTHBHA BETepHa TypOHHa

1. INTRODUCTION

Kinetic design is considered as one of the most
important concepts in contemporary art, architec-
ture and design. The works created by following this
principle emphasize the dynamics or the fourth di-
mension in art. The artists that create this type of
artistic pieces put their focus on the various visual
effects and sensations triggered by the movements

of the designed sculptures. Authors Guang-Dah
Chen, Chih-Wei Lin, and Hsi-Wen Fan in their pa-
per titled "The History and Evolution of Kinetic
Art" [1] provide a thorough explanation of kinetic
art. Kinetic art is defined as a "model of dynamic
perceivable expression™ and has two possible mani-
festations — using optical illusions with static ele-
ments to create a feeling of movement or using ac-
tual motion of the elements. Real dynamics in art
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happened as an appreciation of movements in time
and space and were manifested by relying on the
natural forces (wind, water) to trigger the motion.

On the other hand, the kinetic approach in pro-
duct design is based on the connection between
movement and energy. Movement uses energy, but
movement can also produce energy. Natural forces,
such as wind and water movement, are used as re-
newable energy sources. Industrial designers are
significant contributors in expert teams consisted of
researches from various scientific and technology
fields that in the last decades have been putting their
efforts in creating innovations which will improve
the use of such renewable energy sources. To
achieve this, industrial designers rely on modern
methodologies, such as bionics and modularity. The
knowledge of 3D modelling and analyzing the ge-
ometry of different biological forms play a signifi-
cant role in developing ingenious products that
solve the engineering problem of creating move-
ment triggered by natural forces and using that mo-
tion to produce energy.

The main goal of this paper is to contribute to
the exploration of forms that can be used in the de-
velopment of kinetic products moved by natural
forces. In this research, bionic principles, modern
trends in industrial design and the latest technologi-
es were analyzed in order to create an innovative
solu-tion for a modular bionic shape and structure
that can be moved by the force of wind. Several
variants of bio-inspired structures were given and
their characteristics were explored in order to
optimize the concepts and suggest the best solution.
The idea was to provide a design of a kinetic, aero-
dynamic wind turbine blade profile that can react to
airflow. The developed reactive blade can success-
sfully convert the energy of air into kinetic energy
through rotating motion. The proposed blade profile
can be used in the design of industrial design
products, architectural objects, or complex engine-
ering solutions. The final design presented in this
paper was developed as a prototype and its behave-
our was tested using an open-air tunnel.

2. INSPIRATION

Bionics was chosen as the core methodology
for finding a new principle to produce energy
through a specially designed kinetic, reactive wind
turbine with aerodynamic and modular structure in-
spired from nature. Bionics offers principles for na-
ture-inspired design and it is very popular due to the
well-known fact that natural organisms have be-
come the best designers thorough the process of

evolution. Creating products by looking at analo-
gous shapes in nature is often a solution to many en-
gineering or design problems. There are many re-
search examples to support this statement.

For instance, the recognized four types of leg
movement of insects [2] has been used to offer a 3D
model of a robot inspired by six-legged insects; the
characteristics of the mechanical and chemical me-
chanisms of tardigrades are used for the develop-
ment of biologically motivated artificial adhesive
films and robotic systems [3]; the structure of the
seahorse skeleton is used for the creation of an er-
gonomic back-support system [4]; the bionic char-
acteristics of space optimization are applied in the
design of a modular, multi-functional storage space
[5]; the principles of tensegrity found in spider-
webs are applied in product design in order to
achieve equilibrium [6] etc.

Regarding the subject of designing shapes that
are responsive to natural forces, researches investi-
gate formations found in nature that offer optimal
aerodynamic performances. The characteristics of
such bionic examples are commonly transferred in
the design of transportation modes, such as aircraft
design [7], or the design of engineering renewable-
energy technologies where wind power needs to be
used as a clean and renewable source of energy [8].
For example, researchers Gavrilovi¢, Rasuo, Duli-
kravich and Parezanovi¢ investigate the wingtip
formations of birds and use them as an inspiration
to solve the issue with lift induced drag of transport
aircrafts [9]. He-Xuan Hu, Bo Tang and Ye Zhang
extract the hummingbirds’ shape and smooth beak
(that provide its’ good flying performance) in the
development of a bionic train model and by nu-
merical simulation prove that the bionic design
helps to reduce the aerodynamic drag and aerody-
namic noise [10]. Serson and Meneghini conduct
simulations of wavy wings with different wave-
lengths and amplitudes proving that such wavy
wings, as found in nature, have better aerodynamic
performance since they reduce the lift-to-drag ratio
in comparison with a straight wing [11]. Exploring
birds’ wings is also a common approach in the de-
sign of wind turbine blades. Tian, Yang, Zhang,
Wang, Li, Ma and Cong improve the performance
of wind turbine blades by designing the airfoil fol-
lowing the morphology of long-eared owls’ wings
[12]. The results of this bionic process showed in-
creased effective bending of the blades, larger pres-
sure difference between the top and bottom surface,
and larger pressure difference between the top and
bottom surface at the tip, which all improve the lift.
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Similarly, authors Chen, Yao, Wei, Gao and Li,
select the best-performing airfoil out of several
cross-sections of owls’ wings and combine it with
the non-smooth shape of the wing in order to design
a bionic air turbine blade [13]. As a result, the bionic
blade had higher power generation in comparison
with standard blades under the same working con-
ditions. This proves the effectiveness of bionic de-
sign applied in engineering processes.

In this paper, the study of kinetic forms in na-
ture contributed to a better understanding of reactive
kinetic structures, and thus to the identification of
an appropriate bionic system that was an inspiration
for the wind turbine design process. In addition, it
was established that the designed shape of the wind
turbine needs to be divided into segments — modul-
es, that can function together as a single system. The
modular approach affects the economy of produc-
tion.

While searching for a suitable bio-system
based on the principles of kinetic movement and
modularity, the Iridogorgia Octocoral was recog-
nized as a possible solution (Figure 1). By exploring
its’ characteristics it was noticed that the coral
moves by rotating around its’ own axis, and changes
direction by flexing the body. It was concluded that
a similar shape translated into a design can be a suit-
able solution for a kinetic structure since Nature al-
ready developed this shape which is extremely hy-
drodynamic (Figure 1). Moreover, when a closer
view was given, was noticed that the whole coral is
composed of one single module which repeats itself
in order to build the whole system in a spiral shape
(Figure 2).

During an even deeper analysis of the coral it
was established that it is build according to the Fib-
onacci sequence, or the golden spiral (Figure 3). In
nature, the golden spiral is very common and de-
signs based on this principle of formation are more
effective and have better aesthetic features [14]. The
Fibonacci sequence, that is the Fibonacci equation,
is a mathematical ration by which the artist Leo-
nardo da Vinci proved that proportions exist in na-
ture, or more precisely, ideal, golden proportions
[15]. The ratio of golden proportions is used to
achieve visual likeability and an organic appearance
of the compositions in design. The golden propor-
tions, commonly referred to as the rule of thirds,
helps to direct the eye of the observer to the crucial
elements in the design of the product or artistic
piece [16]. The golden spiral recognized in the coral
is also used as an inspiration in the design of the tur-
bines’ appearance.
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Fig. 3. Graphic representation of the golden spiral [19]

3. DEVELOPMENT OF A SOLUTION FOR
A REACTIVE AERODYNAMIC WIND
TURBINE

The analysis of the natural phenomenon was a
direct inspiration for the development phase of the
product. This section of the paper contains a de-
tailed explanation of the process of designing the
bio-inspired wind turbine blade profile, from early
sketches and rough prototypes to creating the final
structure, detailed 3D model, detailed prototype and
testing the turbines’ performance when exposed to
airflow by using an open-air tunnel.

3.1. Initial sketches

Starting from the bionic model and the estab-
lished principles of kinetics, modularity and golden
spiral, concepts for the wind turbine were generated.
The process started by making a few sketches to get
an initial idea of the appearance of this structure.
The goal was to make the body a spiral, on which
individual blades are placed in the form of a ladder
following a geometric rhythm.
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Sketch 1. The body is divided to 4x equal seg-
ments, that is 4x full rotations of <360, with one ro-
tation being divided to 18x individual rods placed at
a distance of %20 (Figure 4).

Sketch 2. The body is divided to 4x equal seg-
ments, that is 4x full rotations of <360, with one ro-
tation being divided to 8x individual rods placed at
a distance of %45 (Figure 5).

Sketch 3. The body is divided to 4x equal seg-
ments, that is 4x full rotations of <360, with one ro-
tation being divided to 6x individual rods placed at
a distance of %60 (Figure 6).

At this point, a decision regarding the final
segmentation and number of rods was not made. It
remained to be established based on prototype de-
velopment and testing.

%

Fig. 4. 4x full rotations of %360, 18 individual rods
(left — front view, right — top view)

Fig. 5. 4x full rotations of %360, 8 individual rods
(left — front view, right — top view)

N

Fig. 6. 4x full rotations of %360, 6 individual rods
(left — front view, right — top view)

3.2. Developing prototypes

Because a three-dimensional shape with com-
plex geometric features was being designed, it was
very difficult to capture it only by sketches. There-
fore, real prototypes were constructed in order to in-
spect the shape better.

The basic form of the bio-example (coral) is a
comb-like chain. By curling the comb-chain around
a central axis spirally, the outer strands are distrib-
uted and the whole object becomes similar to the
form of an egg. In order to achieve something simi-
lar with the prototype it was evident that elastic ma-
terials needed to be used. The central body needed
to be both flexible to bend in a spiral, but also dura-
ble enough to bare the weight of the strands attached
to it. The strands also needed to be made of an elas-
tic material in order to bend under their own weight.

3.2.1. Prototype 1

The first prototype (Figure 7) imitated the nat-
ural phenomenon completely. Exposed to airflow it
rotated around the central axis. However, this pro-
totype lacked modularity. The modular composition
was achieved in the more advanced stages of the
wind turbine development. The prototype main-
tained the spiral shape by being connected to a metal
axis in several points. When hanged on an elastic
rope the prototype rotated to airflow. That rotation
was interrupted when the rope reached the maxi-
mum rotating tension. As a result, it was concluded
that to achieve constant rotory motion it was neces-
sary to place a rotary module on which the prototype
will be attached. Since the object is hanging, this
module needed to have the ability to rotate without
interruption regardless of the weight of the proto-
type. Weight can cause additional friction and pre-
vent the model from moving. The problem was
solved by attaching the rotating axis to bearings that
have the task to annul the friction created by the
weight of the model.

Fig. 7. Prototype 1
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3.2.2. Prototype 2

By defining the rotory module as the new ele-
ment that needs to be included in the design a ne-
cessity for a new prototype appered and that was the
reason for creation of the second prototype with an
elastic central axis (Figure 8). Prototype 2 imitated
the bionic example to a greater extent and was larger
than the first model. It had the comb-like shape
which bended under its’ own weight in a spiral. The
model reacted to even the slightest breeze which
proved that the use of the rotory module was suc-
cessful. In this prototype the modular approach of
building the shape and the geometric rhythm were
also evident.

Fig. 8. Prototype 2

3.2.3. Prototype 3

Since the second prototype also had an elastic
and flexible central axis, an attempt was made to use
a rigid axis and for this purpose the third prototype
was built. Prototype 3 (Figure 9) was made using a
wooden rod as the central axis instead of the rubber
piper. When the model was attached to the rotary
module the prototype oscillates strongly unlike the
second model and performed better under the influ-
ence of airflow. The problem was identified in the
connection between the tip of the fin model and the
rotary module. Great tension was present in this
spot. This issue was solved by using a universal
joint that allows free rotation while eliminating the
tension. With the universal joint, the wind turbine,
despite having a solid axis, shows solid rotation re-
sults in the airflow.
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Fig. 9. Prototype 3

3.3. Design refinement

When the last two prototypes were compared,
the third one seemed more efficient, but did not im-
itate the bionic example completely. The plastic zip
ties used as rods were fulfilling the modular princi-
ple of construction, but nor entirely, because the
central axis was a separate element. In order for the
system to be fully modular, the whole turbine
needed to be built by one single element repeated to
achieve the spiral shape. This was the most chal-
lenging task. In order to provide a suitable solution,
inspiration was drawn from nature once more.
Snakes' vertebrae and human vertebrae (Figure 10)
were considered as examples to withdraw inspira-
tion for building the helix. The vertebrae were great
examples to identify how the modular principles of
building shapes are used in bionic systems.

F

QO T

Fig. 10. Human vertebrae as an inspiration for the modular
structure [20]
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The modular logic of building the spine con-
tributed to the development of the first 3D model —
Helix 1 (Figure 11). The model was completely
built using a software for 3D modeling. Helix 1 was
consisted of a single part, or module, that was grad-
ually upgraded in a geometric rhythm to become a
whole spiral that corresponds to the bionic example.
The building of the helix was achieved in a simple
manner by creating a tooth on one side of the mod-
ule and a hole with the same dimension as the tooth
on the other side. The hole was placed at an angle to
allow the rotation of the helix around one imaginary
central axis when the modules are stacked one over
another.

By establishing the basic principles for the
construction of the form in a modular way, Helix 2
was made as a physical prototype. At this stage of
development, the way of fixing the individual mod-
ules in a single solid form was determined. Lego
bricks helped to achieve the desired shape.

—=0

Fig. 11. 3D model of Helix 1

Helix 2 contained 6x degrees in one full rota-
tion (Figure 12). The single module was rotated
around an imaginary axis creating a perfect helix.
The parts were fastened in 4x contact points which
made the construction very firm (Figure 13). At this
stage in the wind turbine development process only
the logic of connecting individual parts was estab-
lished. The final appearance of the modular parts

was determined in the finishing phase when the de-
tails were defined.

Fig. 12. Graphic representation of Helix 2

Fig. 13. Physical prototype of Helix 2 made from individual
hard plastic modules

3.4. Initial testing

After defining how the shape will be built, the
appearance of the individual blade profiles needed
to be defined. For that goal the behavior of the real
prototype — Prototype 3 was tested. Through obser-
vation of the behavior of the prototype, an analysis
of the efficiency of the individual blades of the sys-
tem exposed to airflow was performed. The test re-
sults showed a problem in which the prototype
could not maintain a continuous rotation. The prob-
lem was detected in: (1) the free movement in two
directions of the rotary module and (2) the shape of
the object which was geometrically equal, divided
into left and right, in each degree of rotation.
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Two possible solutions were proposed in order
to solve these issues. The first was to adjust the ro-
tary model so that it can move in only one direction
(Figure 14). With a mechanical brake on one rota-
tional side the prototype could be forced to move
only on one side. At the moment of balancing, the
side that had free movement would prevail and start
rotating in that side.

Mechanically contralled movement
in one direction
muchanical brake
module ® . sy
rolory module w
universal joint

g cross-section
of the rods

TTTT T ETT
TTTT TTTT
TTTTTTTT
TTTTTTTT

airllow

Fig. 14. Mechanically controlled movement in one direction

The second solution was to control the move-
ment using a new aerodynamic of the blade profiles
— blades with an equilateral triangle cross-section
positioned in a way that one of the sides is parallel
to the central axis while the other is positioned with
the sloping side in the middle, that is normal to the
central axis (Figure 15). When air hit the left side, it
could move freely because of the geometry of the
rod — its’ sharp side. However, when air hit the flat
side of the blade there would be a resistance to the
movement. This difference could create a tendency
to move the whole object only on one side without
the need to add mechanical modules for control.
This solution was chosen as more effective because
it was simpler, more practical and more economic.
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Controlled one-way movement enabled by
the rod aerodynamics
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Fig. 15. Controlled one-way movement enabled
by the blade profile aerodynamics

3.5. Detailed development of the model

With the help of CAD techniques an elaborate
3D model of the established modules, their assem-
blies, and additional elements such as bearings,
bearing housings and the universal joint were built
(Figure 16).

Fig. 16. 3D model of the developed air turbine
with modular blades

3.6. Final testing of the model in an open-air
tunnel

For the purpose of testing, the 3D model un-
derwent changes according to the open-air tunnel
specifications. The working surface of the used
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open-air tunnel has a diameter of 285x285mm and
for the testing of the model to be successful it
needed to be scaled to a maximum width and height
of 150 mm. According to these guidelines, the final
model was changed. The final design of the model
had 4x full rotations with 48 modules in total. How-
ever, the model developed for the open-air tunnel
testing was adapted to have 2x full rotations and 24
modules. The new dimension of 150x150 mm was
archieved by scaling the main model with a reducti-
on scale factor of 0.4166. There were changes to the
length of the rods as well, they were scaled by a
length-reduction scale factor of 0.5. The end dimen-
sions of the adapted 3D model were 150x150x150
mm. With all these changes the model was success-
fully adapted for experiments in the open-air tunnel.

The prototype was manufactured using a 3D-
printing technology. For the purpose of this manu-
facturing technology, the CAD model was divided
in two segments: central body and individual blad-
es. The 3D-printed model was made with one of the
3D printer (Prusa MK3) machines at the Faculty of
Mechanical Engineering in Skopje that uses Fused
Filament Fabrication (FFF) technology (meaning
the 3D printer layers melted material over a plat-
form to complete the part). In order to create a pro-
totype was used material polylactic acid (PLA). The
individually printed body and blades were than
assembled to construct the final prototype used for
testing (Figure 17).

Fig. 17. Final 3D-printed model composed of a central body
and individual blades connected to an axis

In the Fluid mechanics and hydraulic machin-
ery laboratory at the Faculty of Mechanical Engi-
neering in Skopje the 3D-printed prototype was
tested in an open-air tunnel. The testing was done in
order to inspect the reactivity of the wind turbine
and the rotation it achieves when exposed to a
continuous airflow. The speed of rotations that the

turbine produces in one minute were measured
(rom) when it is exposed to different airflow
velocity (m/s). The air velocity measurement was
performed with Prantl-Pito pipe and digital
(micromanometer) indicator type MP120 — KIMO,
France, while speed of rotation was measured with
digital optical tachometer type CT50 — KIMO.

The testing procedure is shown on the follow-
ing image (Figure 18).

Fig. 18. View of the open-air tunnel in the FME aerodynamics
laboratory and reaction of the model exposed to airflow

Exposed to airflow the prototype easily and
continuously rotated. This experiment confirmed
the reactivity of the model to airflow and its’ excel-
lent Kinetic and aerodynamic characteristics. The
model made rotations only on one side which pro-
ved the successful design of the individual blades.
The results of the speed of rotation at different air-
flow velocity are given on Figure 19.
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Fig. 19. Speed of rotation at different airflow velocity
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According to the results it was concluded that
the tested model showed satisfactory reactions to
airflow. When the model was exposed to airflow ve-
locity of 5 -6 m/s, 10 — 11 m/s, 12 - 13 m/s and 14
— 15 m/s it linearly increased the speed of rotation,
whereas when it was exposed to airflow of 7.5 - 8.5
m/s to 10 — 11 m/s a fast increase in the speed of
rotation was noticed. This means that in that airflow
range the model shows the best results.

4. CONCLUSIONS

The presented research is an example of the
great importance of the multidisciplinary approach
in product design. It is based on the application of
the innovative disciplines — bionics, modularity and
kinematics in the design of the form of products that
generate energy from wind. The recognized princi-
ples from these methodologies were applied in the
experimental part of the research when solutions for
a kinetic, aerodynamic wind turbine driven by the
power of wind were explored.

The outcomes confirmed the expectations that
gathering inspiration from nature results with de-
signing innovative product functions and aesthetics.
The project elaborated in this paper was developed
following the Fibonacci sequence, or the golden ra-
tio, recognized in the natural phenomenon — Iri-
dogorgia Octocoral which was the main motive for
the design of the product. The natural phenomenon
which was analyzed comes from an environment in
which it is in a constant movement and changes its’
position by rotating around its’ central axis. This
was a direct inspiration for the appearance and be-
havior of the designed wind turbine. The concept of
modularity commonly found in natural organisms,
such as the spine of animals, was also an inspiration
as a strategy for building the designed structure in
order to make it simple for manufacturing, assembly
and therefore more economic. The final product was
designed as a composition of a number of subsys-
tems, or modules, which compose the shape when
stacked together in a geometric rhythm.

The final Kinetic, reactive wind turbine was
tested in an open-air tunnel and the results demon-
strated that the proposed shape and structure had a
very good response to the airflow. The established
cross-section of the individual blades allowed a con-
tinuous rotation of the turbine in only one direction
creating a resistance in the opposite one. This type
of modular and responsive structure offers the pos-
sibility for multiple applications: in architectural
objects, art sculptures, design of mass-produced
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products or engineering purposes where there is a
need for effective wind turbines that produce en-
ergy.

Finally, it can be concluded that the interdisci-
plinary approach in the design of products is more
than necessary. The application of innovative tech-
nigues and joining the knowledge of experts from
various design and engineering fields allows the de-
velopment of products that incorporate characteris-
tics from various disciplines and as a result they are
more successful.
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