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Abstract

This paper describes the aerodynamic and structural
design of an airfoil, which is inspired by bird’s flap-
ping flight and can be used technically for micro-air
vehicles in a low flight speed regime. Due to the
high flexibility of the airfoil, a multidisciplinary de-
sign approach is conducted here. First flow measure-
ments using the rigid version of the airfoil are pre-
sented and the experimental setup using the Particle
Image Velocimetry (PIV) is shown. Further, different
structural designs are discussed and computational el-
ements to treat the coupled system, which is defined
due to the fluid and structural interaction phenom-
ena. These elements are used to calculate the un-
loaded shape of the airfoil (jig-shape) and to employ
first unsteady, coupled computations.

1 INDRODUCTION

To increase the performance and flight speed range
as well as to extend the area of application for future
micro air vehicles in the low speed flow domain, the
usage of biomimetic effects, inspired by flapping bird
wing flight, is an attractive approach. While rigid
wings of modern aircraft use disjoint systems for lift
and thrust generation, both forces can be produced by
the application of flexible wings. Thereby the stiffness
and density distribution has a major influence on the
performance and efficiency of the wing, i.e. on thrust,
lift and drag.

To analyze the aeroelastic effects, the design as well
as the experimental and numerical analysis of an os-
cillating airfoil is described in this contribution. The
high qualitative flow measurements are carried out
by the aid of the Particle Image Velocimetry (PIV),
where laminar separation bubbles and dynamic flow
separation needs to be considered. Due to the inter-

action effects, the wing has to be designed in a multi-
disciplinary procedure. First the airfoil shape for low
speed range and low Reynolds numbers based on a
hand foil of a seagull is designed, followed by the struc-
tural design, whereby the structure has to be flexible
and lightweight. The structural model is constructed
for a wind tunnel investigation, where a combined and
harmonic flapping and pitching movement with a fre-
quency of 3−6 Hz is aerodynamically and structurally
investigated. Thereby, the trailing edge undergoes a
deformation of approximately 5 − 10 % of the chord
length.

In this paper, the design of the aerodynamic shape
as well as the structural system will be shown in de-
tail. First results of wind tunnel experiments using
PIV and numerical results from the steady design pro-
cess will be given and first results from the unsteady
aeroelastic analyses of the coupled system will be pre-
sented.

The remainder of the paper is organized as follows:
in section 2 the aerodynamic design of the airfoil is
presented, while in section 3 the experimental setup
and first PIV results of the rigid airfoil are given. In
section 4 the design of the structural subsystem is de-
scribed and in section 5 the computational elements
used for coupled analysis are explained. Finally in
section 6 first steady and unsteady results from cou-
pled computations are shown.

2 AERODYNAMIC AIRFOIL DE-
SIGN

2.1 General Considerations

In 1970, OEHME presented a study about gauging
airfoils of various bird species [1]. One example, those
of Passer domesticus, the house sparrow, is depicted
in Fig. 1.
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FIG. 1: Airfoil shapes of Passer domesticus at differ-
ent positions of half wing span [1]

Herein, three important observations have to be re-
marked. First, the maximum airfoil thickness is lo-
cated very close to the leading edge since this section
covers the wing’s main skeleton and muscles. The air-
foil shape is slotted due to the pinion anatomy at the
wing tip. Therefore, this section and its structural
complexity will not be considered in the following in-
vestigations. The airfoil camber seems to be very high
compared to technical airfoils and other observations.
One reason that OEHME performed his study with
narcotized birds. In fact, during wind tunnel experi-
ments, NACHTIGALL found out that pigeons in glid-
ing flight have less camber than wings of exanimate
pigeons [2].

Nevertheless, the camber of bird wings is one of
the governing parameters for their outstanding flight
performance. The camber of Passer domesticus for
example changes its value from 6% up to 10% during
one flapping downstroke [3]. Up to present time, it
is not known exactly, if this mechanism is proceeded
actively by muscle contractions or passively by means
of biostructural circumstances.

2.2 Design of the SG04 airfoil

SG 04, the name of the designed airfoil, has its origins
by a study of LIU [4] who determined among others
airfoil shapes of seagulls using a three dimensional
laser scanner. Hence, seagull’s wing geometry was
given in parametric style and an airfoil at 75% of half
of wing span with a camber of 4% could be generated.

Based upon the original data of LIU, the following
procedures were conducted with the XFOIL code [5]
at Reynolds number Re = 105. To calculate the tran-
sition onset, the eN method with N = 9 was applied.
First, an analysis serves as a parametric study to de-
termine a favorable position of maximum camber.

As illustrated in Fig. 2, the LoD curves of the orig-

FIG. 2: Lift over drag coefficients for original seagull
airfoil of LIU with variation of position of maximum
camber (30%, 35%, 40% and 45%)

inal seagull airfoil given by LIU and their laminar
buckets show a high dependence towards the position
of maximum camber. This is due to different sizes of
laminar separation bubbles as well as different posi-
tions of transition onset.

Thereafter, a broad range of analysis of pressure
distributions as well as a computation on the influence
of airfoil camber was accomplished. The aim was to
find a solution where the size of laminar separation
bubbles remains, reasonably small. Hence, the choice
was made for the model with 4% in camber and 40%
in position of maximum camber.

During the next step, a so called inverse design, the
airfoil performance was further increased. This was
done by modifying the airfoil velocity distribution in
order to reduce suction peaks and the size of laminar
separation bubbles. The resulting airfoil is displayed
in Fig 3.

FIG. 3: Final airfoil shape of SG 04

Its new LoD curve is depicted in Fig. 4 as a solid
line. Compared to the original LoD curve of LIU’s
airfoil in Fig. 2, the new curve is noticably smoother in
its shape. Besides, the minimal drag coefficent could
be decreased to CD,min = 0.015.

Fig. 4 shows the influence of Reynolds number and
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FIG. 4: Variations of the freestream flow: Reynolds
number decreased to 0.6 · 105 or N = Ncrit increased
to 12

critical N factor. Although those governing param-
eters of the freestream velocity field were changed∗,
the LoD curves remain similar on a large scale. The
main difference in the curves are increased values for
the drag coefficient due to larger laminar separation
bubbles.

3 FIRST FLOW MEASURMENTS
OF SG04

It is one of the main goals of the project to analyze
the influence of elastic flexibility on aerodynamic ef-
fects of the airfoil. To have a reference, a rigid SG
04 airfoil in composite technology was manufactured
in order to consider the basic flow domain decoupled
from structural wing properties. Thus, it will be pos-
sible to compare aerodynamics of the flexible wing
with the results of the rigid wing in the future. Here,
present first results of the flow domain of the rigid air-
foil are presented, which have been gained by Particle
Image Velocimetry.

3.1 Experimental Setup

The experiment was performed in the Low Noise, Low
Speed Wind Tunnel (LNB) due to its relatively low
turbulence level of 0.1%. The flapping flight motion

∗According to empirical correlations of the flow around flat
plates and other two dimensional airfoils, the critical N factor
is related to the turbulence level of the freestream.

FIG. 5: Wind tunnel test section and flapping flight
motion apparatus

apparatus was mounted around the test section as
depicted in Fig. 5.

The Flapping Flight Motion apparatus in its orig-
inal configuration was already employed successfully
for investigations with the SD 7003 airfoil [6]. As out-
lined in Fig. 6, the apparatus in its new setup is capa-
ble to perform heaving and pitching motions, which
can be described in first order accuracy by the equa-
tions:

z(t) = ẑ · sin(ωt)(1)
ϕ(t) = ϕ̂ · sin(ωt + ξ) + ϕ0 .(2)

Two different series of experiments were realized
with the SG 04 airfoil:

1. steady conditions:

z(t) = 0
ϕ(t) = ϕ0, with ϕ0 = {0◦; 2◦; 4◦; 6◦; 8◦}
Re = 105

FIG. 6: Kinematics of flapping flight motion appara-
tus
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FIG. 7: Triggering of PIV acquisition system

2. unsteady conditions, pure heaving motion:

ẑ = 10 cm
ω = 2π · 3.58 Hz = 22.5 Hz

ϕ(t) = ϕ0, with ϕ0 = {0◦; 2◦; 4◦; 6◦; 8◦}
Re = 105

In flapping flight, the reduced frequency k, given
by:

(3) k =
ω · c
2U∞

is the leading parameter. The larger the reduced fre-
quency is, the more thrust is produced. During this
experiment k was set to 0.3, which corresponds to the
bird flight conditions of seagulls.

A global overview of the two dimensional flow phe-
nomena around the airfoil near the trailing edge was
obtained by means of standard Particle Image Ve-
locimetry. Air flow was seeded with oil particles (1 µm
in diameter) which were illuminated twice at different
times via laser light sheet of 1 mm in thickness. Us-
ing these two particle images, the local velocity was
estimated with an iterative multipass interrogation
scheme with 32x32 pixel resolution and 50% in over-
lap. Phase locked imaging during continuous heaving
motion was realized, as performed by NERGER for
flapping flight experiments in a water tunnel [7]. The
laser illumination and camera operation was triggered
to a certain moment at each heaving cycle in order to
create particle images which contain the airfoil surface
always at a constant position zPIV .

This was implemented using LaVision’s pro-
grammable timing unit (PTU) whose operating mode
is highlighted in Fig. 7. A light barrier sends at the
beginning of each heaving cycle – when z(t) = 0 – a
short impulse of rising voltage to PTU. According to
a phase angle ∆ε entered by computer, PTU shifts
the incoming signal of light barrier to trigger the PIV
acquisition system with an accuracy of 2 µs in time.

Fig. 8 shows the field of view of PIV acquisition
which remained the same for all experimental series.
Only the upper flow domain was of interest, the bot-
tom side was masked out to reduce evaluation time.

FIG. 8: PIV field of view

3.2 First PIV Results

Fig. 9 depicts a typical phase-locked particle image
which was made during heaving motion experiments
wit an angle of attack of α = 6◦.

The first observation in this image is clearly the re-
flection line of laser light sheet at the upper surface of
the airfoil. Such reflections are normally not desired
for PIV applications since the boundary layer is over-
exposed by the light. In consequence, a correlation
scheme could not resolve correctly the aerodynamic
phenomena there. Reducing the laser light intensity
decreases the intensity of this reflection. However,
the illumination of tracer particles in the flow domain
decreases in same way which diminishes PIV corre-
lation quality. Increasing the laser light intensity, on
the other hand, has the advantage of better illumi-
nated tracer particles, but experiments showed that
the laser light sheet vaporized the topcoat of the air-
foil.

During phase-locked imaging, it was expected that
the reflection line would be always at the same loca-
tion. Indeed, the analysis of particle images revealed
a minimal variance of this location of about one pixel.
This uncertainty is negligible compared to the size of
the measurement volume of 32x32 px2. Nevertheless,
it is the objective for upcoming stereo PIV measure-
ments to increase this acquisition accuracy to subpixel
scales.

Regarding to Fig. 9, the seeding distribution itself
has a good quality. Particularly, the zone near the

FIG. 9: Particle Image during heaving motion, α = 6◦
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FIG. 10: PIV evaluation, instantaneous flow field,
α = 6◦, phase locked image during downstroke of pure
heaving motion

airfoil surface is moderately filled with at least twelve
particles per interrogation window. At the bottom,
the image exhibits tracer particles below the reflection
line. This is caused by surface reflections and was
masked out as well.

Having executed cross correlation scheme, Fig. 10
points out one example of the instantaneous flow field
along the upper surface of SG 04 in pure heaving mo-
tion. The flow domain outside the boundary layer is
very well represented with velocity vectors. Visibly,
there are two macroscopic zones where the magnitude
of the velocity field decreases significantly – indicated
by light shaded areas. This could be due to down-
washing vortices, however, further analysis is still re-
quired.

With this experimental setup for global flow analy-
sis it was not possible to resolve the boundary layer.
For the future, it is planned to increase spatial res-
olution and to capture the flow domain from differ-
ent view perspectives by applying stereoscopic PIV
in connection with novel evolution approaches [6]. In
consequence, the phenomena in the boundary layer
itself like laminar separation bubbles as they were
already observed for SD 7003, will be investigated
in more detail [8]. On the other hand, the interac-
tions between boundary layer and large scale turbu-
lent structures become more and more of interest, be-
cause theywould be the reason for the outstanding
flight performances of birds.

4 STRUCTURAL DESIGN

4.1 Preanalysis

In a preanalysis, several lightweight construction
methods were evaluated to find a design, which is
simply to manufacture with carbon fiber reinforced
plastic, Fig. 11. Inspired by a thin section of the pi-
geon’s pinion, Fig. 11a, the design of the structural
airfoil needs to fulfill flexibility and a light weight.
Further, the final structural model, which is build for

(a) Foil of a pigeon’s pinion [2]

rigid leading body membrane flexible shell

brace support

(b) Design I

rigid leading body flexible shells

(c) Design II

rigid leading body flexible shells

(d) Design III

flexible shellsspar

(e) Design IV

FIG. 11: Design studies of the airfoil

wind tunnel test campaigns, should retain 2D behav-
ior and providing a smooth surface shape. Design I,
Fig. 11b, with its flexible shell, membranes and brace
supports has shown to result in a heavy-weight foil
and further difficulties are expected with the mem-
branes, which needs to be mounted under high tension
to get the desired flexibility of the airfoil. According
to the real-life pigeon’s pinion, design II, Fig. 11c, is
more reliable adapting the concept of feathers. How-
ever, using more than three shells, the foil has shown
to be too heavy-weighted and therefore conceptual in-
vestigations of the structure were numerically carried
out with the design III, Fig. 11d, to find appropriate
parameters, e.g. module of elasticity, density, etc.

The aerodynamic airfoil was used to design a struc-
tural wing with a defined span and 2D properties for
the wind tunnel campaigns, Fig. 12. The rigid lead-

FIG. 12: Structural model
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plain weave, glass 0◦/90◦, 25 g/m2

unidirectional, carbon 90◦, 50 g/m2

unidirectional, carbon 90◦, 80 g/m2

plain weave, glass 90◦/0◦, 25 g/m2
lea

di
ng

ed
ge

FIG. 13: Layer structure of the shells

ing part is assumed to be plastic material and the
three shells are made by carbon fiber reinforced com-
posites to emulate a natural mass and stiffness distri-
bution. The shells are numerically investigated using
the method of finite elements and varying their thick-
ness, number of layers, layer structure and module
of elasticity. Initially a pressure distribution from a
stationary flow condidions with α = 3◦ obtained by
XFOIL was used as a first load assumption and the
deflection of the trailing edge was compared. Here
it was found, that a shell thickness of 0.15 mm and
a layer structure according to Fig. 13 give reasonable
deflection of the trailing edge (4% of the chord length)
and that the structure itself retains good 2D behav-
ior. Further, the length of the upper and lower shell
was chosen to be 50 % of the middle shell due to the
minimal deflection and light weight of this configura-
tions. Modal and harmonic analyses were performed
to show the influence of the inertia loads. Here, a first
eigenfrequency of approximate 8 − 10 Hz was found,
which is significant higher than the flapping frequency
of tall birds (1 − 2 Hz).

4.2 Final Structural Design

To save more weight and due to manufacturing rea-
sons, design III was modified to design IV, where the
upper and lower shell are glued together at the lead-
ing edge, Fig. 11e. The middle shell is now jointed
with a stiff spar also made by carbon fiber reinforced
composites. It also should be noted here, that the
upper and lower shell are prestressed to ensure all-
time contact during a flapping period. The structural
model was build and the flexibility can be seen from
Fig. 14. The parameters for the model are summa-
rized in Tab. 1.

Further, the final shape of the structural airfoil is
designed in a way that the aerodynamic airfoil shape
is obtained as the flight shape assuming gliding flight
with an angle of attack of α = 3◦ and a Reynolds
number of Re = 105. To find the unloaded shape (jig-
shape) of the structural airfoil, a finite element analy-
sis fully coupled with an unsteady Reynolds-Averaged
Navier-Stokes (URANS) flow solver [9] is utilized here,
which also takes transition effects along a laminar sep-

(a)

(b)

(c)

FIG. 14: Structural model of the flexible airfoil

aration bubble into account [10]. The methodology of
the coupling analysis is described in the section below.

5 COUPLING SCHEME FOR THE
AEROELASTIC ANALYSIS – NU-
MERICAL ELEMENTS

Due to the nonlinearities, the physical system, where
the structure is coupled with the flow field, is treated
in the time domain. Using a well validated finite ele-
ment analysis tool for the structure and a finite vol-
ume code for the fluid, three coupling aspects have
to be considered for the steady and unsteady flight
case; firstly the transfer of loads and states across non-
matched interface discretization, secondly the mesh
deformation of the fluid grid and the integration of the
Arbitrary-Lagrangian-Euler (ALE) formulation into
the fluid flow solver and thirdly the equilibrium itera-
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tion and time integration of the whole coupled system.

5.1 Load and State Transfer

For the state transfer across nonmatching interface
grids, a weak formulation of the continuity transfer
condition is used here:

(4) uΓ
s = uΓ

f →
∫

Γ

λ(uΓ
s − uΓ

f ) dΓ ,

where uΓ
s and uΓ

f are the structural and fluid displace-
ments defined on the coupling interface Γ, and λ is
the Lagrange multiplier, which weights the jump of
the interface state variables. The Lagrange multiplier
has the physical meaning of a traction force gluing the
both subdomains together.

Using a spatial discretization of the interface state
variables with the aid of shape function, the Lagrange
multiplier can be independently discretized under the
requirements of existence and uniqueness of the so-
lution of the formulation of Eq. (4). Therefore λ is
defined on the fluid interface using a Galerkin based
form, where the shape functions of the Lagrange mul-
tiplier are chosen to be the same as for the displace-
ments of the fluid interface, Fig. 15a, and the dis-
cretized version of Eq. (4) reads:

(5) Mffuf = Mfsus with Mfi =
∫

Γ

NT
f N i dΓ ,

which has to be solved for uf . The coupling matrices
are evaluated with the aid of a quadrature rule, see
[11] for details. Alternatively, a collocation method
can be used, where the Dirac-delta function serves
as the shape function for the Lagrange multiplier,
Fig. 15b. While the latter method is advantageous,
because the integral of Eq. (4) vanishes and the trans-
fer equation reduces to the evaluation of the structural
shape functions at the fluid nodes, the former shows
more local accuracy of the transfer condition [12].

Once the state transfer over the interface is defined,
the proper load transfer is obtained straightforward,
using the transposed relation of the state transfer. Ac-
cording to the principle of virtual work and with the
schemes described above, conservation in the load is
retained, which is essential for aeroelastic problems.
With:

(6) δuT
f ff = δuT

s fs and uf = T us

chord length 200 mm
half span 398 mm
shell thickness 0.15 mm
contact position of shells 65%
weight 112 g

TAB. 1: Parameters of the structural design

Γ
(f)
sf

Γ
(s)
sf

N
(f)
u

N
(s)
u

Nλ

(a) Galerkin based transfer

Γ
(f)
sf

Γ
(s)
sf

N
(f)
u

N
(s)
u

Nλ

(b) Transfer based on Dirac delta functions

FIG. 15: Transfer schemes

the load transfer is obtained as:

(7) fs = T T ff ,

where T is an operator which maps one variable from
one grid to another. Neglecting the forces due to fric-
tion of the fluid flow and using the Galerkin based
transfer, the fluid pressure distribution can directly
be used for the load transfer:

uf = M−1
ff Mfsus

→ fs = MT
fsM

−1
ff ff = MT

fspf .
(8)

5.2 Grid Deformation

For the deformation of the fluid grid, the mesh is
treated as a pseudo structural system and the fluid in-
terface displacements are applied as Dirichlet bound-
ary conditions, see also [13]:

(9)
[

Kf
ΩΩ Kf

ΩΓ

Kf
ΓΩ Kf

ΓΓ

] [
uf

Ω

uf
Γ

]
=

[
0
0

]
.

This equation has to be solved for uf
Ω and as an ab-

breviation the mesh deformation is written as:

(10) uf = G(uf
Γ) .
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(a)

(b)

(c)

FIG. 16: Grid deformation

Here an adaptive pseudo stiffness of the mesh is used,
which values depends on the local geometric dimen-
sions within the mesh:

(11) Ef
i =

1
min(xi,s)

; s = 1, .., 4 ,

where Ef
i is the module of elasticity for the cell i and

xi,s is the length of the edge s in the cell i. There-
fore smaller cells near the wall have a higher stiffness
than greater cells in the farfield. This approach results
in deformed grids with better convergence properties
with respect to the fluid solver. Examples of the grid
deformation including rigid body motion are depicted
in Fig. 16.

This grid deformation can be used in conjunc-
tion with the flow solver which solves the unsteady
Reynolds-Averaged Navier-Stokes equation on flexi-
ble block-structured grids including transition effects.

Sn+1Sn

t t + ∆t

Fn

ũ
(s)
n+1

1

2
6

4
8

5
73

Fn+1

λ

FIG. 17: Time integration scheme

5.3 Equilibrium Interation and Time
Integration

Due to the use of a partitioned solution procedure, the
nonlinear coupled system is solved by an iterative so-
lution procedure. Utilizing a fluid solver, which solves
the fluid equations on a given fluid grid configuration
to get the fluid force on the interface:

(12) ff
Γ = F(uf )

and a structural solver, which solves the structural
equation by the aid of the nonlinear finite elements
method to get the structural displacements on the
interface from prescribed nodal forces:

(13) us
Γ = S(fs

Γ)

the defect ds
Γ from the current structural displacement

vector to an updated one can generally be written as:

(14) ds
Γ = (S ◦ T T ◦ F ◦ G ◦ T )us

Γ − us
Γ .

Eq. (14) represents the classical Dirichlet-Neumann
step, where the structural interface state is transferred
to the fluid side, followed by the mesh deformation
and solving the fluid problem, followed by the load
transfer and solving the structural problem to get a
new structural interface state. The defect can be used
in a relaxation step to update the problem iteratively:

(15) us
Γ,k+1 = us

Γ,k + ωds
Γ,k ,

where ω is the relaxation parameter, which can be
user-defined or calculated by the Aitken-method [15].
Alternatively, the defect can be used in a Newton-
GMRES algorithm, see [16] for more details.

For transient analysis, the equilibrium iteration de-
scribed above has to be carried out in every time step
to advance the solution from time t to t + ∆t (time
level n to n + 1). In Fig. 17 a schematic view of the
time integration scheme is depicted, while in step 1
a predictor for the next time level is used to reduce
the iteration number [17, 18]. Setting ω = 1 and the
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cp: -1.08 -0.92 -0.76 -0.6 -0.44 -0.28 -0.12 0.04 0.2 0.36 0.52 0.68 0.84

FIG. 18: Pressure contours in gliding flight (Re = 105,
α = 3◦) and the jig-shape of the airfoil

maximum number of iteration during a time step to
one, the so called loose coupling scheme is obtained
[13].

The data transfer as well as calling of the fluid and
structural analysis codes is integrated in a flexible
software environment, which provides a user-friendly
simulation workspace for the computation of aeroe-
lastic fluid structure interactions, see [19] for details.

6 FIRST NUMERICAL RESULTS

With the described numerical elements, steady and
unsteady computations were carried out.

6.1 Steady Analyses

To obtain the airfoil SG 04 in the flight regime of Re =
105 and α = 3◦, the unloaded shape (jig-shape) of
the structure is calculated. The iteration procedure is
similar to that presented in Eq. (14) unless the defect
is taken compared to the original SG 04.

In Fig. 18 the jig-shape is depicted as the black
boundary while the pressure distribution is calculated
as steady state solution, which is similar to the one ob-
tained by XFOIL on the surface. The used 3D struc-
tural grid is depicted in Fig. 19. The displacements of
the trailing edge is calculated as 7 mm (4% of chord
length).

FIG. 19: Structural grid

FIG. 20: Prescribed motion

6.2 Unsteady Analyses

As a first unsteady analysis the pure heaving mo-
tion (ϕ̂ = ϕ0 = 0) of the airfoil with a frequency
of f = 5 Hz and an amplitude of ẑ = 10 cm is con-
sidered. In Fig. 20 the prescribed motion of the air-
foil is shown, where the steady state solution serves
as the initial condition for the transient analysis and
at the time t = 0 s the velocity of the airfoil is set
to zero. For these first calculations the loose cou-
pling approach is used and in Fig. 21 the deflection
of the airfoil and the pressure ditribution during the
downstroke (z(t) = 0) is depicted. The displacements
of the trailing edge is calculated to 33mm (16.5% of
chord length). Further computational investigations
need to be performed varying the motion parameters
and using a full iterative coupling scheme due to the
high interaction of the fluid and the structure.

7 SUMMARY AND CONCLUSION

In this paper, the aerodynamic as well as the struc-
tural design of an airfoil inspired by biomemetics ef-
fect have been presented. The aerodynamic design
of the airfoil has shown, that an airfoil with 4%
and camber 40% in position of the maximum cam-
ber give appropriate behavior for the desired flight
Reynolds number of Re = 105. Further first PIV
results have been presented, where arising problems
were discussed in detail. On the structural side the
evolution of the design process has been shown to ob-
tain an airfoil, which is lightweight, flexible and which
has a natural stiffness. First numerical steady com-
putations were employed to calculate the jig-shape of

FIG. 21: Pressure distribution during the downstroke
(Re = 105, α = 3◦, z(t) = 0)
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the airfoil, and first unsteady simulations were per-
formed, which has shown a promissing and flexible
behavior of the coupled system.
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