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GIF, TIF (TIFF), PNM, PBM, PGM, PPM, PNG, SVG, or BMP.
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From the Editor

All Technical Soaring back issues now available online!

Congratulations to Ward Hindman, who has completed the monu-

mental task of scanning the full set of Technical Soaring back issues

going back to the first issue (July, 1971) and posting them to the TS

website at journals.sfu.ca/ts. This is a tremendous service to the

soaring science and technology community. Thanks to Ward, TS read-

ers and authors now have ready access to a significant body of soaring

research.

Open Access Policy

One of the most frequent questions the TS Editorial team hears

comes from authors who wish to post their articles on their personal or

other websites. To clarify this and related matters, OSTIV has adopted

the following Open-Access Policy for TS, effective immediately. The

policy is inspired by the “HowOpenIsIt Open Access Spectrum Guide,”

published by the Scholarly Publishing and Academic Resources Coali-

tion (SPARC, www.sparc.arl.org/) along with the Public Library of

Science (PLOS, www.plos.org) and Open Access Scholarly Publish-

ers Association (OASPA, www.oaspa.org).

Reader Rights. For the first twelve months following publi-

cation, only OSTIV members may download material. After

twelve months, free download to all.

Reuse Rights. No reuse for the first twelve months, after which

material may be reused in other works only with permission of

the authors of the article.

Copyrights Authors retain copyright to the basic material.

OSTIV retains copyright to the published version. Works that

are inherently in the public domain will be noted as such on

their title pages.

Author posting rights Author may not post copies of their ar-

ticles on websites until twelve months after publication. After

twelve months, author may distribute freely by any means and

post to third-party repositories. Authors may distribute individ-

ual copies of their articles at any time.

Automatic Posting OSTIV will not automatically post material

to third-party repositories but authors are encouraged to do so

starting twelve months after publication.

Machine Readability After twelve months, article full text,

metadata, and citations may be crawled or accessed without spe-

cial permission or registration.

This policy will be posted in future issues of TS on the Table of Con-

tents page and updated from time to time as needed.

OSTIV Congress XXXIII

OSTIV Congress XXXIII will be held in conjunction with the 34th

World Gliding Championships in Benalla, Australia, 8–13 January,

2017. The call for papers appears in this issue. We encourage every-

body to attend and present their latest work.

Octave Chanute ... now in Paperback

Simine Short writes to advise us that her book, “Locomotive to

Aeromotive” (reviewed in TS 38:1, January-March 2014) has been pub-

lished in paperback. The hardcover edition is out of print but one might

still find a copy from the usual used book sources.

Reminders to Authors

Please submit all manuscripts, revisions, figures etc. directly to the

Editor-in-Chief. You should receive confirmation of receipt within a

few days. If not, please drop me a line.

As previously announced, OSTIV has elected to discontinue the

paper version of TS journal. TS will be available only in electronic

form to registered subscribers at TS-online (journals.sfu.ca/ts).

To register, please contact our OSTIV webmaster, Jannes Neumann at

Jannes.Neumann@t-online.de.

Despite this change, the question of whether to include color graph-

ics in articles remains. Certainly color photographs present no prob-

lem, but we strongly discourage the use of color in data presentations.

For one thing, papers should be legible when printed on B&W print-

ers. Second, even when viewed in color, chances are that some readers

will have difficulty distinguishing certain color pairs. Rather than color,

please present data in figures and graphs in B&W and use line style, dif-

ferent symbols, and/or fill patterns to differentiate data.

Publication Date

This issue kicks off Volume 39 of TS corresponding to calendar

year 2015. For the record, we are going to press in February, 2016.

Acknowledgments

We gratefully acknowledge Associate Editor Helmut Fendt, who

oversaw the review of the Weinzierl, et al. paper in this issue.

Respectfully,

Judah Milgram

Editor-in-Chief, Technical Soaring

milgram@cgpp.com
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www.ostiv.org

Call for Papers

XXXIII OSTIV Congress, Benalla, Australia

8–13 January, 2017

The XXXIII Congress of the International Scientific and Technical Organisation for Soaring Flight (Organisation Scientific

et Technique Internationale du Vol à Voile, OSTIV) will be held at the site of the 34th FAI World Gliding Championships in

the Open, 18m and 15m Classes, Benalla, Australia from 8 to 13 January, 2017. The Congress addresses all scientific and

technical aspects of soaring flight including motorgliding, hang gliding, paragliding, ultralight sailplanes and aeromodeling.

Opportunity for presentation and discussion is given in the following

categories:

Scientific Sessions: Meteorology, Climatology and Atmospheric

Physics as related to soaring flight.

Technical Sessions: Aerodynamics, Structures, Materials, Design,

Maintenance and Sailplane development.

Training and Safety Sessions: Training and Safety, Coaching,

Health and Physiology.

Joint Sessions: Scientific and technical topics, reviews or news, pre-

sented in an informative and entertaining way for the broader interest

of the World Gliding Championships and OSTIV.

Topics on instrumentation, electronics, statistics and other system tech-

nologies will be included in the sessions for which the application of

the technology is most relevant.

Typical and Suggested Topics

Scientific Sessions

• Meteorology:

– Meteorological data acquisition and service for gliding op-

erations

– Weather forecasting for soaring flight

• Climatology:

– Climates that support soaring flight

– Climate-change and soaring

• Atmospheric Physics:

– Mesoscale and small convective, baroclinic or orographi-

cally induced phenomena

– New observations; measurements or analysis of conver-

gence lines, cellular patterns, shear structures, standing and

moving waves, short period cycles, turbulence, boundary

layer in complex terrain

– Analytical techniques of delineating thermal and mesoscale

structures from routine or experimental ground or flight

data, or from remote sensors

– Modeling of thermals, mesoscale or microscale structures

Technical Sessions

The technical sessions will cover all aspects of design, develop-

ment and operation of sailplanes, motorgliders, ultralights and solar-

or human-powered aircraft. Topics may include, but are not limited to:

• Airworthiness, structural concepts, new materials, fatigue, crash-

worthiness, manufacturing processes

• Aerodynamics and flight mechanics

• Trajectory optimization

• Stability and control

• Airframe vibration and flutter

• Propulsion systems

• Design integration and optimization

• New developments in flight testing

• Airworthiness requirements

• Cockpit instruments, including navigation instruments (GPS etc.)

• Autonomous soaring

Training and Safety Sessions

Training and Safety sessions will be held on subjects covering disci-

plines such as

• Flight training, theory and analysis of techniques and results, psy-

chology, objectives, training facilities and material

• Human and medical factors in aircraft design and operation

• Piloting techniques

• Flight operation in controlled airspace

• Safety devices

TECHNICAL SOARING 2 VOL. 39, NO. 1 January – March 2015



Joint Sessions

Joint Sessions cover topics of general interest in the field of gliding

such as

• Soaring history

• General philosophy of competition classes

• Documentation of badge and record flights

• Common interests with other air sports like hang gliding,

paragliding, microlights and ultralights

• Human-powered flight; Solar-powered flight

Deadline for Abstracts and Summaries

The deadline for the Abstracts — max. two A4 pages including

figures — is 15 July, 2016. Letters of acceptance will be mailed by

30 July, 2016. Final two-page summaries of your contribution will be

included in the conference booklet and are due by 1 November, 2016.

Full papers are not required but presenters are encouraged to prepare

full papers for submission to Technical Soaring (www.ostiv.org/

publications.html), OSTIV’s refereed international journal.

Please use the form below to send a copy of your Abstract to the

OSTIV Secretariat, clearly marked for either the Scientific, Technical,

Training and Safety, or Joint session.

Oral presentations at the Congress will be limited to 30 minutes.

There is no registration fee for the Congress!

If you would like to attend the Congress, please complete the form

below and send it to the OSTIV Secretariat at admin@ostiv.org. Fur-

ther information about OSTIV and the Congress can be obtained from

the Secretariat or from the OSTIV website, www.ostiv.org.

Best Student Papers Awards

Awards of EUR 200 will be presented to the students delivering the

best presentations in the Scientific and Technical Sections. To be eligi-

ble, presenters must be the first author and submit an abstract and two-

page summary by the aforementioned deadlines, as well as a manuscript

to Technical Soaring prior to the Congress. Students who are unable to

attend the Congress may designate a representative to present the work

on their behalf.

Call for nominations OSTIV Plaque / Klemperer Award

During the Opening Ceremony of OSTIV Congresses the OSTIV

Plaque and Klemperer Award may be presented to the person who has

made the most noteworthy scientific and/or technical contribution to

soaring flight in recent years. All Active and Individual OSTIV Mem-

bers can send in nominations. In making such nominations, particular

attention should be given to recent contributions to soaring flight by

the nominee, although earlier outstanding work also will be taken into

account. Nominations should include details of the nominee’s contri-

butions and a short biography. All nominations for the OSTIV Plaque /

Klemperer Award must be received by R. Radespiel, OSTIV President,

c/o TU Braunschweig, Institute of Fluid Mechanics, Hermann-Blenk

Str. 37, D-38108 Braunschweig, Germany, president@ostiv.org by

15 July, 2016.

Note of interest / Pre-Registration Form and Extended Abstract, XXXIII OSTIV Congress, 8–13 January, 2017

Please send this pre-registration form to admin@ostiv.org no later than 15 July, 2016

✷ Please, send general information about OSTIV

✷ Please, put my name on the mailing list for further information about the XXXIII OSTIV Congress

✷ I wish to attend the XXXIII OSTIV Congress.

✷ I wish to present at the XXXIII OSTIV Congress in the:

✷ Scientific Session

✷ Technical Session

✷ Training and Safety Session

✷ Joint Session

Name: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Affiliation: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Postal Address: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Phone: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Highly Extensible Skin of a Variable Geometry Wing Leading Edge

of a High-Performance Sailplane

Matthias Weinzierl
matthias.weinzierl@tum.de

Johannes Achleitner
johannes.achleitner@tum.de

Horst Baier
baier@tum.de

Institute for Lightweight Structures

Technische Universität München

Munich, Germany

Abstract

In 2011 the Akaflieg München e.V. began research on a variable geometry wing of a sailplane. The advantage

of a leading edge with a variable camber was investigated by Wießmeier on the basis of the ASW 27 airfoil.

The results show a great potential of achieving a higher wing loading and a higher cruising speed along with

excellent low-speed flight characteristics. Subsequently, different designs of the technical implementation

of a variable geometry wing leading edge are considered. This paper presents the results of a study whose

principal aim is to design and analyse a highly extensible section of a variable geometry wing leading edge.

This section is designed as a sandwich, composed of an accordion honeycomb core with elastomeric top

layers. It has a high bending stiffness as well as a high extensibility into one direction, allowing for the wing

leading edge to morph downward.

Nomenclature

cd Drag coefficient of the profile

cl Lift coefficient of the profile

CDi
Induced drag coefficient of the wing

CL Lift coefficient of the wing

el Distance between two cells

h Distance between two bars

hbar Height of the bar

hcore Height of the core

k Induced drag factor

l Length of the bar

t Thickness of the bar

th Thickness of the cross stud

x-axis Direction of flight

y-axis Spanwise direction

A Cross sectional area of the core

θ Opening angle of the accordion

Λ Aspect ratio

Introduction

Modern airfoils of flapped sailplanes have a laminar low drag

bucket ranging from a lift coefficient of cl = 0.1 to cl = 1.5 [1].

For higher wing aspect ratios combined with higher wing load-

ings to be realized, the low drag bucket needs to be widened

Presented at the XXXII OSTIV Congress, Leszno, Poland, 6–11 August,

2014

towards higher lift coefficients. Liebeck, Wortmann and Selig

each developed single-element high-lift airfoil designs, which

show a maximum lift coefficient of around cl = 2.3 [2–4]. Espe-

cially Wortmann’s FX-74CL series shows very high lift coeffi-

cients of cl = 2.0 combined with acceptable drag coefficients of

cd = 13 ·10−3 in the upper end of the laminar low drag bucket,

as shown in Fig. 1. A possible solution for the widening of the

low drag bucket is shown by Wießmeier with a profile derived

0 5 10 15 20

cd · 10
3

0

0.5

1

1.5

2

2.5

c l

DU89 flap 10° (measured TU Delft)

FX 74-Cl 6 (measured IAG Stuttgart)

DU 89 MLE flap 20° (XFOIL)

DU89 flap 20° (measured TU Delft)

DU89 flap 0° (measured TU Delft)

Re=10
6
, n

crit
=9

Fig. 1: Comparison of the polar curves of the DU89 and the FX-

74CL profile.
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Wortmann FX-74CL

DU89 DU89, morphed

Fig. 2: Comparison of the DU89 profile, the morphed DU89 and the

FX-74CL.

0

10

20

30

40

50

50 100 150 200 250

E
 [

-]

vEAS [km/h]

Mü 3x

ASW 27

Fig. 3: Comparison of the glide ratio of the ASW 27 versus the

Mü 3x at maximum take off mass (MTOM) [5].

from the DU89 profile, which is used as the main wing airfoil

of the ASW 27. A comparison of the FX-74CL, the DU89 and

the morphed version of the DU89 by Wießmeier can be seen in

Fig. 2 [5]. The upper end of the laminar low-drag bucket of the

morphed version of the DU89 is at a 20% higher lift coefficient

compared to the unmorphed version.

During low-speed flight a higher induced drag coefficient is

caused due to higher lift coefficient, as can be seen in the fol-

lowing equation:

CDi
=

C2
L

πΛ
k (1)

This higher drag coefficient can be compensated by a higher as-

pect ratio of the wing. Subsequently this higher aspect ratio and

a higher wing loading have no impact on the low-speed perfor-

mance but lead to an excellent performance within and above

the range of the best glide ratio, compared to modern flapped

sailplanes. Wießmeier estimated an empty weight of the mor-

phing wing aircraft increased by 45 kg compared to that of the

ASW 27 [5]. However, he pointed out that a higher mass is

not necessarily a disadvantage, due to the fact that the morphing

wing aircraft has limited water ballast capacity.

A polar of a sailplane with a variable geometry leading edge

can be calculated by subtracting the profile drag and the induced

drag from a known total drag polar of the sailplane. This results

in a fuselage drag, an interference drag and a tailplane drag. By

adding the envelope of the profile drag of the new profile with

the variable geometry leading edge to the induced drag of the

new wing calculated in Eq. 1, a theoretical polar of the new

sailplane has been achieved. Although this way of calculating

the polar is an approximation due to neglecting different profile

sections on the wing and different interference drags, an esti-

mation of the gain in performance could be given. Wießmeier

showed a remarkable performance improvement using his new

profile and a wing with a surface area reduced by 20% com-

pared to the ASW 27, as can be seen in Fig. 3. The data of the

DU89 and the FX-74CL have been measured at TU Delft and

IAG Stuttgart whereas the data of the DU89MLE have been cal-

culated with XFOIL. Concerning maximum lift and performance

at high lift coefficients, XFOIL significantly overestimates air-

foil performance in some cases [6–10]. A comparison between

the lift coefficient of the DU89 calculated with XFOIL and the

one measured at TU Delft is shown in Fig. 4. In the calcula-

tion with 0◦ flaps XFOIL overestimates the lift coefficient by ap-

proximately 8% while in the calculation with 20◦ flaps XFOIL

underestimates the lift coefficient by approximately 3%. In fur-

ther research, an airfoil optimized for a morphing wing should

be designed and verified with wind tunnel tests.

For commercial aircraft, the “Deutsches Zentrum für Luft-

und Raumfahrt” (DLR), investigates different drop nose and

morphing trailing edge concepts [11–17]. These drop nose con-

cepts are based on a widespread extension in the entire leading

edge, which is designed of fiberglass. The DLR has built several

demonstrators of their drop nose concepts and now attempts to

implement the design in an aircraft.

In 1978, Burkhart Grob Luft- und Raumfahrt GmbH devel-

oped the 15 meter class sailplane “G104 Speed Astir,” which

can be seen as a pioneer in morphing wing design. The flaperons

were designed as elastic flaps, which reduce the drag otherwise

created by the gap between the trailing edge and the flap. The

skin in this area is highly flexible around the y-axis [18].
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Re=10
6
, n

crit
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DU 89 MLE flap 20° (XFOIL)
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Fig. 4: Comparison of the calculated and the measured polar

curves of the DU89.
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Fig. 5: Rotary Drive System (RDS) with horns [5].

Structural-mechanical implementation of a

variable geometry leading edge

The technical implementation of the variable geometry lead-

ing edge represents a challenge. Wießmeier suggested a Rotary

Drive System (RDS) with multiple horns to morph the leading

edge down, which can be seen in Fig. 5 [5]. These horns are

placed in front of the wing spar. Turning the horn changes the

contour of the leading edge surface. The first contour is the one

of the non-cambered leading edge while the second contour is

the one of the fully cambered leading edge. This second contour

is turned by 90◦ compared to the non-cambered one. By turning

the horns, the profile can be cambered from the original shape

to a high-lift contour. This leads to a high extension in the upper

shell of the wing. In the late 1990s the RDS concept for a mor-

phing trailing edge was extensively researched by Müller [19].

He reached a technology readiness level of 4 by accomplishing

a full scale demonstrator, which reached a deflection of the trail-

ing edge of ±15◦. In the following paragraph an approach is

presented, using a highly extensible section designed in a sand-

wich construction and placed in front of the main spar.

Fig. 6: Highly extensible section [20].

Spar cap

Shear web
Silicone
toplayer

Accordion honeycomb core

CFRP laminate Silicone
toplayer CFRP

leading edge

Fig. 7: Connection of the highly extensible section to the fixed shape

leading edge [21].

Highly extensible section

One possible solution to implement a morphing leading edge

with a RDS is the use of a highly extensible section placed in

front of the main spar in the upper shell of the wing, as shown

in Figs. 6 and 7.

This version with the highly extensible section splits the lead-

ing edge in two different parts: The main part approximately

keeps its original shape while the highly extensible section be-

comes severely deformed. The requirements on this highly ex-

tensible section are on the one hand an extensibility of 30%

in the direction of flight (x-direction) and a low bending stiff-

ness around the y-axis (spanwise direction) [20]. On the other

hand the highly extensible section needs a high bending stiffness

around the x-axis to withstand the aerodynamic loads [21].

For achieving such a highly extensible section, a sandwich

structure with anisotropic material parameters seems to be a pos-

sible solution. Therefore, a core without lateral contraction can

be combined with elastomeric top layers. A core without any

lateral contraction and a high extensibility in the x-direction is

called a zero-Poisson honeycomb core or an accordion honey-

comb core [22, 23]. The geometrical parameters of such a hon-

eycomb core are shown in Fig. 8.

In a parametric study different combinations of the geomet-

rical parameters of the accordion honeycomb core are investi-

gated and compared with each other. The goal of the parametric
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Fig. 8: Geometrical parameters of an accordion honeycomb core

[24].

Table 1: Chosen parameters of the final version of the accordion

honeycomb core of the Mü 3x [21].

Parameter Value

θ 79.0◦

l 16.0mm

t 0.5mm

hbar 12.0mm

hcore 10.0mm

study is a configuration with a large ratio of global strain to local

strain in the x-direction compared with a relatively high bending

stiffness around the x-axis. As a final version an accordion hon-

eycomb core with a height of 10.0 mm and a thickness of the

spars of 0.5 mm is chosen. All parameters are listed in Table 1.

In this configuration the local strain in the material is 0.4% while

the global strain of the core is 30%. The local strain of the core

is shown in Fig. 9.

With the parameters listed in Table 1 a first prototype is built,

as can be seen in Fig. 10. The prototype is built by additive man-

ufacturing and as material the polyamide PA 2200 is chosen,

which is based on a PA-12. The material data of the PA 2200

from the supplier are listed in Table 2. Material data of environ-

mental effects (e.g. moisture or temperature) are not available.

To validate the results of the Young’s modulus and the

strength results of the numerical calculation, the prototype is

submitted to a tensile strength test. Between the measured val-

ues of the Young’s modulus and the calculated ones is a dif-

ference of about 1.2%, which can be considered negligible.

A linear elastic material behavior appears up to 50% global

strain and the fracture strain is ca. 230%. The linear elas-

tic material behavior can be seen in the stress-strain curve in

Fig. 11. The stress gets normalized to the cross sectional area

A = [2l sin(θ) + el + h] · hcore of the unit cell. Due to this rel-

atively large cross section, the value of the Young’s modulus

becomes 0.01 MPa.

0 0.001292 0.002584 0.003876 0.005813

Fig. 9: Local strain within the accordion honeycomb core [21].

Fig. 10: Prototype of the final version of the accordion honeycomb

core [21].

Surface layers

For achieving a smooth surface and a higher bending stiff-

ness of the highly extensible section, top layers are needed. In

a first attempt they are designed in pure silicone. Every layer

has a thickness of 1.0 mm. For material the pure silicone ALPA-

SIL 32 is chosen. With the first prototype two major problems

occur: First the silicone detaches itself from the core material

and second the lateral contraction of the silicone causes con-

straining forces and stress in the sandwich. To achieve a better

bonding of the silicone top layers to the polyamide core, a form-

fitting connection is realized, as can be seen in Fig. 12. With this

improvement a second prototype of the sandwich including the

accordion honeycomb core and the silicone top layers is built, as

can be seen in Fig. 13.
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Table 2: Material data for PA 2200 [25].

Average grain size 56 µm

Density laser sintered 0.93 g/cm3

Tensile modulus 1700 MPa

Tensile strength 48 MPa

Elongation at break 24 %

Bending modulus 1500 MPa

Bending strength 58 MPa

Melting point 180 ◦C

Shore hardness D 75 [–]

Poisson’s ratio 0.4 [–]
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Fig. 11: Stress-strain curve of the accordion honeycomb core [21].

Conclusions

A morphing leading edge seems to be advantageous for a

sailplane in different aspects. To implement such a leading edge,

a RDS combined with a highly extensible section in the upper

shell of the wing is a possible solution. The highly extensible

section can be designed as a sandwich with an accordion hon-

eycomb core with silicone top layers. This sandwich has a high

extensibility in the x-direction without any lateral contraction.

By choosing the appropriate parameters of the accordion honey-

comb core, an expansion ratio of 75 between the global strain

and the local strain can be achieved. The final design of the

accordion honeycomb core fulfills all requirements on the core

structure. In further studies the material behavior of top layers

should be characterized as well as the bonding of the top layers

to the core structure. The use of fiber-reinforced elastomers as

top layers could also prove advantageous.

Fig. 12: Form-fitting core and top layers [21].

Fig. 13: Sandwich with accordion honeycomb core and silicone top

layers [21].
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variablen Tragflügelprofils zur aerodynamischen Leistungsop-

timierung zukünftiger Verkehrsflugzeuge, Ph.D. dissertation,

Fakultät Luft- und Raumfahrttechnik, Universität Stuttgart, Jan.

2000.

[20] Kraus, D., Auslegung einer formvariablen Tragflügelvorderkante
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