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Material selection and joining methods for the purpose of a
high-altitude inflatable kite.
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This paper discusses the requirements for fabrics and joints for usein a long-endurance,
high-altitude inflatable kite. Calculations of the expected stresses as well as the consequences
of scaling with respect to these stresses are discussed. An overview is given of currently
available kite fabrics and their joining methods. Suitable fabrics and joining methods from
the sailing and aer ospace industry are evaluated. The results of several tests on both fabrics
and jointsare presented.
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|. Introduction

Recently there is a renewed interest in kites fgh{altitude applications. There is interest inngskites for
remote sensing and atmosphere measurements aasasfell wind power generation. Kites for this pumpedll fly
at heights of one up to 10 kilometers or more, antering a harsh environment in terms of wind viyodJV
exposure, and extreme temperature differencess Kitk have to endure these conditions for prolahgeriods of
time, putting a whole new set of requirements orteni@ls and construction than for kites currenthown. This
paper will discuss material selection and assatipgel joining methods for a high-altitude kitehnan inflatable
structure. To illustrate typical requirements, #iteplane concept will be introduced, a high-attiukite design
currently under development at Delft UniversityTafchnology.
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1. Kiteplane concept

Delft University of Technology has developed a kitscept
for high-altitude applications, named kitepl&neThis kite
concept has the advantage of being controllablepaddent of
tether tension, or in other words, to be contrddidinth as a kite
and a glider. The construction is closely relatethat of popular
surf kites, so called ‘tube kites’, having a framensisting of
inflatable tubes, spanned by fabric panels to foamwing
structure. An advantage of an inflatable struciareomparison
to a rigid frame is easy scalability, combined wattrelatively
low weight and small packing size. Another advaetag that
loading past buckling will not result in permaneéaimage, but is
fully reversible. Typical wing areas may range frénup to 50
square meters or more.

Figurel. Kiteplanein flight.

I11. Material requirements

The kiteplane structure consists of inflatable beamd canopy panels that together form a wing strecFig.
2). The inflatable beams are subject to torsion lagadding moments, the internal pressure will intied biaxial
loads in the beam membrane. Besides being ablarty these loads, the beam material has to havd gae-
containing properties and not deform significardlye to creep. The canopy panels are subject taabistxetch
loads as a result of the aerodynamic pressure pCesistance and a high modulus are important &intaining the
designed shape. The material should be flexible,rext degrade significantly due to folding.

A high-altitude kite will meet a harsh environmémtterms of UV-exposure and temperature levelsc&imost
high-tensile fibers have the tendency to degradektyjuunder UV-exposure, the fibers have to be prbpshielded
by a protective film or coating. Physical propestieve to be maintained to a reasonable leveltatvary low (-60
degrees Celsius) and high temperatures (+40 de@elsius).

A very important consideration when selecting niatsris the feasibility of assembling the kite withese
materials. Feasibility of assembling is relatedhe required panel joining method and flexibiliti/tbe fabric. As
opposed to applications of similar materials foateails and LTA (Lighter-than-Air) applicationsanels with
relatively small and opposite radii have to be goineven in the case of larger kite sizes (seeZigr a typical
panel layout). It is likely that a customized pajuéhing method has to be developed in order te@se the desired
materials.
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Figure 2. Typical construction and panel layout for a kite with inflatable tubes.
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IV. Fabric stressesand scaling

In order to support a decision on material choices iof importance to have an estimation of the eexgd
stresses in both the canopy and beam fabric. Eapethe stresses in the canopy fabric are notleasaluated
using analytical formulas and only a rough estioratis given here using the Young-Laplace equatformore
detailed analysis is beyond the scope of this papke stresses in the beam fabric can be predictéthy a
membrane approach at a for this context reasoraiigracy.

A. Tension in beam membrane

Consider a wing section with surface a®acomposed of an inflatable beam and a canopy nmambiThe
wing section experiences a distributed load asaltref the aerodynamic lift forces, denotedrasFigure 3 shows
the typical deformation mode of the wing as experésl in wind tunnel tests. It shows that the wiegr will bend
upwards and backwards under load and the torsionaient is relatively small. For this simplified eathe beam is
considered to be subject to bending only. Figusddws the wing section simplified to a conicalatdd cantilever
beam, subject to a distributed (aerodynamic) ky@aj

Figure 3. Wing section and typical mode of wing defor mation.

- q(x)

Figure4. Wing simplified to a conical inflated cantilever beam model.

The beam is considered to be in the taut regioth wo wrinkles occurring under the considered |oEde
membrane approach is used as described by Vefgaherived from theories developed by Steind Webber The
membrane stresses in direction of the two prinadpaless, andcs for a conical inflated beam are given as:
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TR = Jmin (5)

L
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The functionM, is the bending moment as a result of the liftrdistion on the wingy(x). The bending moment
is obtained by double integrating this distribulead'®:
M =q(x)d’x ()

For fabrics it is common to redu¢®ut of the equation; the membrane tensidforce per unit length) is then
deducted from Egs. (1) and (2):

Yo = Pl (8)
Vs = pzr” - 7':*2 cos? 9)

a

The membrane tension in the parallel directiois not affected by a bending moment while the iten# the
meridional directiors increases or decreases under influence of theifggentbment, depending on the chosen value
for 0. Consider the case the bending monidpts limited to the point that the membrane tendienomes zero #
= 0 (at this point the beam will be at the trangfeint from the taut region to the wrinkled regiomhen from Eq.

(9):

r. M mpr,®
HJZSO= pz" - nrxz cosO0= 0= M, =—p2" (10)

Using Eq. (9) and inserting Eq. (10) while knowthg maximum tension will occur fér=n:
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% _M COSIT = Pa o, _ Pl + pr (11)
o=r 2 )’ 2 om?® 2 2 °F

Comparing this result with Eq. (8) it can be coned that the tension in the meridional direct®will not
exceed the tension in the parallel directtdnn the taut region. The maximum tension occurringhe beam
membrane is then only a function of the internasgure and local radius of the beam and can balatdd with

Eq. (8).

B. Tension in canopy panels

If the canopy fabric is treated as a membrane]dbal tensiory in a
panel segment can be estimated by knowing the ymeegdifferencep
normal to the surface as a result of aerodynamiceand the average
curvature radius, andry in perpendicular directions (see figure 5). Irsthi
case the Young-Laplace equation is given as:

Figure5. Panel ment.
p g Seg (12)

For this simplified case the fabric tension is éifg dependent on the curvature radius in bothctlmas.

C. Scaling

In the scope of future applications kites will bevdloped that have the same geometry, but difsatlyrin size.
For selection of materials it is of interest to édan approximation of the tension in both the beaembrane and
the canopy membrane, and how they change withngrali

1. Scaling of beam membrane
Considerl being the ratio between a scaled wing with lerigdind a reference wing with length:

A= L (13)
L0
Then also:
ra A = /“’a 0 (14)
t, = At, (15)

Now suppose the load(x) in Fig. 4 to be of elliptic shape (as would be ttese for an aerodynamically
idealized wing):

2
ax) =g, 1—(%] (16)

Integrating twice with boundary conditidm=0 atx=L:
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Suppose we are interested in the bending momexlathen Eq. (14) reduces to:

1
Mo=2 Lq,” (18)

Assume a constar@l indifferent of the chord length or wing size. Tiagithis into account the value qffor
everyx relates linearly to the local wing chord, and #iereq relates also linearly to the scaling factor

g, (X) = A0,(X) (19)

Using Eq. (13), (16), and (19), the bending monfierh Eq. (18) scales with:
1 2 3
MM=§AL(AqO) =A*M,, (20)

If it is required that the deflections of the wiag a result of the bending moment are proportitméihe wing
scale, the membrane stress (and therefore the)sisabd be kept constant , or:

0, =0,,=0 (21)

This leaves the internal beam presguia Eq. (2) as the variable to be determined. Ravgithis equation for
x=0:

2t.o.  2M
p, = —%= +—"2cosf (22)
ra 0 ma 0
For a wing with scaling factor.
20t 0, 2A°M 2o 2M
), = —0s 4 S cosf ===+ —22 cod = p, (23)
Arao 7T(/1ra O) le o M, o

So given the requirement of constant stress imtbebrane at the beam root the overprespuseto be kept
constant with scaling. When combining this resuthvigs. (8), (9), and (14), the fabric tensjoim both principal
directions as a function of the scaling factoriieg as:
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Yor=Mso (24)

ys/]:AysO (25)

It is concluded that for a beam with a distribukeald of elliptic shape the fabric tension in thetrof the beam
increases linearly with the scaling factor givea &ssumption of consta@t indifferent of chord length.

2. Scaling of canopy panels
If again the scaling factor is defined as the ragtween a scaled wing with lendthand a reference wing with
lengthL, (Eq. (13)) then also:

o, =A, (26)

ry/l:/iryo (27)

Y, = P =A P = Ay, (28)
1 1 1 1
——+ ——+ =
At Ary 0 Lo Iyo

3. Consequences of scaling for tensionsin kiteplane design

It can be concluded that for all of the investighli@ad cases the fabric tension increases propaittiowith the
(one-dimensional) scaling factor. Figure 6 givesdma of the increase in fabric tension with saafior a kiteplane
design using the above derivations.

Fabric Tension vs Wing Area
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Figure 6. Fabric Tension vs. Wing Area for a kiteplane design.
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D. Weight
It is assumed that the weight per unit fabric aMgas proportional to the tensional stresié has to withstand,

then from Egs. (24), (25), and (28):
W, , =AW, , (29)
The membrane are, increases with the scaling factor as:
Ay =AAL (30)
From Egs. (29) and (30) the total fabric weigfthen becomes:
W =W, A, (31)
Then:
W, = AW, AA, 4 = AW, (32)

The wing are&relates to the scaling factor as:

S, =A%S, (33)

The weight per unit wing aré&/, is given as:

W,
W, =— 34
AT (34)
Then:
AW, W,

Wi :/lz—stboz/]%éoz/]%\NAo (35)

Based on Eq. (35), figure 7 shows how the weightspeare meter lifting surface of a kiteplane deslgvelops
with increasing kite size, both for a polyesterdshsaterial and a UHMW (ultra-high molecular we)gRE based
material. A design requirement for the kiteplanehis ability to fly stationary even in low windsb@ut 5m/s) in
order to increase the operationality and reliapitif the kite system. The major components addinghe total
airborne weight of the system will be the tethamteol appliances, payload and fabric material. #ar fabric
materials alone, the maximum weight/sgm (liftingfaoe) aimed for is in the order of 10N/sqm. Loaker figure
7, this would imply kites with a wing area of sealehundreds square meters are feasible when fakiibshigh-
tensile fibers are applied.
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Weight/sqm vs Wing Area
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Figure7. Weight/sgm vs. wing area for a kiteplane design.

V. Fabrics

A. Woven fabrics

Currently woven fabrics are almost exclusively ufgdite applications. The technique of weavingtklis long
existing and well understood. Woven fabrics aregjtoand durable, and are relatively insensitivddgifig/folding.
A woven fabric consists of fill and warp fibersll fbeing the direction in the width of the clothdamvarp the
direction in the length (roll direction) of the tho A fill-oriented weave means that the fill yams in a straight
line while the warp yarns pass under and overithgafns. In this case the fabric is subject tiiah stretch in warp
direction due to straightening of the yarns wheoaal is applied, this is known as crimp. The bésttsh properties
are found in the fill direction of the fabric, whithe poorest are to be found at bias angles. Wfal@its are often
finished by applying a polymer film or resin.

Woven fabrics are almost exclusively used for larkjees these days. So called rip-stop Nylon weighBO-
50gr/sqm is a popular choice for parafoil-style aidgle line kites. Rip-stop Polyester is used l&s ¢anopy
material for (inflatable) surf kites. It has betstress/strain and moisture absorption propertoaspared to Nylon.
Weights are in the order of 50gr/sgm, while lightariants are sometimes used for light-wind sirligle-kites.
Dacron is a trade name for a heavier Polyesteh al@ighing at around 170gr/sqm, used for both ceogd@ments
and for the tubular frame of inflatable surf kites.

B. Laminates

Laminating is a versatile way to combine materiaith different properties into a fabric tailored $pecific
requirements. Laminates allow optimal use of highfgrmance fibers developed in recent decadeguyatisin that
has led to a fast growing interest for this typdadiric construction. Application fields of imponize are sailing and
lighter-than-air (LTA) applications. For exampléaminate may consist of a layer with high modulbeifs (such as
Kevlar) and one or more film layers with good shetiffness and air permeability properties suchiVagdar.
Because the fibers can be oriented in preferabéeiiibns and do not need to be tightly woven, ttesisile strength
is used more advantageously while crimp is minichiza general laminates are more sensitive to disgien due
to flexing/folding compared to woven fabrics, amd more expensive.

1. Laminates used for Sailing

The development of sailing laminates started inAbis and 80’s and was first applied in the Amésd@up, but
are now a common sight on performance cruisers witdmy variants available. Although durability is a
requirement, it is accepted that sails need tceptaced several times within a boats life cycle tustretching and
weathering. New developments include the use ot-precessible (PTFE) and UHMW (ultra-high molecular
weight) PE fibers for making anisotropic singledagontinuous foil materiad$ Although this process is still in the
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research phase, the resulting fabrics may outperfoore conventional fiber-laminate structures imig of UV-
stability and/or tensile properties.

2. Laminatesfor lighter-than-air (LTA) applications

Recently there is a renewed interest in using digtttan-air (LTA) vehicles for applications suchcasgo-lifting
and high-altitude surveillance. With this renewetkiest comes a new development in hull matenadgking use of
the latest developments in high-tensile polymeesninate development for LTA applications differerfr sailing
laminates in much more stringent demands in termsiotightness and UV-stability. Typically, thes&lA
laminates consists of a high-tensile fiber layercfsas Vectran) for carrying the load, adhesiveedsyand an
environmental/ gas retention layer. Several optifamsboth the load carrying layer as well as the@immmental
layer are currently investigated

V1. Joining Methods

A. Stitching

Woven fabrics are typically joined by stitching, ne&times combined with double sided taping. Relative
performance is at is best for tightly woven low mag fabrics, joint strengths up to 50% of the falitimate
strength can be reached. Different sewing techsicque well described in literature, the qualityaojoint can be
judged easily by visual inspection. A high modutesnbined with the absence of a tightly woven fakaier makes
most laminates unsuitable for stitching.

B. Gluing Taping, and RF or Ultrasonic welding

Popular gluing techniques for sailing laminatedude hot-melt gluing (Ultra Bond™) and RF activatgding
(Q-Bond™). Joints can be stronger than the lamiitatsf; stress concentrations and possible delatimg may
cause the strength of the joint to be limited, ilertests show joint strengths of 60% to 100% effdibrics’ ultimate
strength. The use of acrylic tapes can be a coamémay to join panels, especially in combinatioithvstitching,
strengths up to 20KN/m can be reached for suitaidgerials. Most plastics can be joined by RF orasttinic
welding; however this technique is not commonlydue high tensile fiber laminates.

VII. Material selection and test results

In order to make a good judgment on the suitabditylifferent materials the following fabric propies are to
be investigated:

. Weight

. Tensile strength and modulus

. Creep resistance

. Air permeability

. UV-stability and weatherability

. Possible joining methods

. Feasibility of joining methods for kiteplane asgly
. Foldability (flex life)

. Material and processing costs

OCoO~NOOUTA~,WNE

For the kiteplane design a number of materialsbie®s evaluated, these include both conventionalrkéterials
as well as fabrics from the sailing and aerospadestry that could fulfill future requirements. Béa tests of
materials and joints have been performed in compéavith ASTM standard no. D5035-95.

Selected fabrics:

A. Toray Chikara™ high tenacity (6,6) ripstop nyld®g/sqm
B. Dimension Polyant Dacron, 170g/sqm

C. Contender Maxx, 155¢g/sqm

D. Cubic Tech CT5K.08/KM.5, 1 side metalized, 56gfs

E. Cubic Tech CT22HBKM.5, both sides metalized,d/$§m
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Joint methods:

1. No joint
2. Triple zig-zag, 15mm overlap
3. Double straight stitch, seam folded to one side
4. Straight stitch and zig-zag, seam folded to side
5. Double straight stitch, tube closing seam
6. 15mm overlap, 3M Acrylic 300 + 10mm wide zig-zag
7. DP Ultra Bond hot glue, 30mm overlap
8. DP Ultra Bond hot glue, 20mm overlap
Alx | X | X |X X || \ ‘,
B |x [x [x [x |x]x | |\
C|x X | X | X - / }/ |
D | x X | X | X ' e i
Triple zig-zag, 15mm|overl “ WY
E |x X | X| X e Tp_u b
Tablel. Tested fabric/ joint combinations. Ee‘;“;"?;;g%g‘jﬂﬁ;de‘ N
Straight stitch and zig-zag, \‘ “‘
seam folded {o one side
Double straight stitch,
tube closing seam
Figure 8. Schematic representation of applied joints.
Fabric Tension vs. Strain
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z 50 m Dacron
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Figure10. Fabrictension vs. strain.
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Break Tension vs. Joint Type
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Figurel1l. Break Tension vs. Joint Type.

For the kiteplane design, a 2% strain is consideeadonable for the expected nominal loads. Simegadints
determine the ultimate strength of the structureirtstrength should be well beyond the value fdrrain. For the
conventional (Nylon and Polyester based) fabribs, strength of the different stitching seams arfficgent in
strength. An exception may be the tube closing seanis commonly used in the kitesurf industry. There
advanced materials are preferably joined with sgizeid glue to get the required joint strength, beer this is not
always possible due to the curvature of the joipadels. A good compromise that offers enough fiétibin
production is a combination of double sided tape stitching, but this joint strength is only suf@int for lighter
variants of the tested high-tensile fabrics. Sifice larger size kites both the panel radii and ®akcrease
proportionally, gluing or welding may become thermwiable option for joining panels for these largized kites.
Also surfaces can be split up into different smigtlenels, further decreasing edge radii.

VIIl. Conclusion

Fabrics based on high-tensile fibers open up nesgipiities for high-altitude kites in terms of wgéit reduction
and durability. Usable fabrics include the use rahaids and UHMW PE fibers combined with protectis, as
well as single layer, continuous foil materialstsas melt-processible PTFE.

When the kiteplane wing structure is modeled asracal inflated cantilever beam subject to an &tlishaped
(aerodynamic) load, the weight/lifting surface eatiill increase with the one-dimensional scalingtda to the 3/%"
power. Combining this with the tension/weight ratib the tested high-tensile fabrics, it is possitbebuild a
kiteplane design of several hundreds of metersenkekeping the weight below 10kN/sqm lifting surface

Application of high-tensile fabrics is limited bye flexibility and strength of available joiningcteniques.
Gluing or welding techniques are preferred for ijognof panels of bigger kites because of their sopdonding
strength, as much as 100% of the fabric strengthbmgreserved.

In order to better evaluate the applicability aftiritensile fabrics for high-altitude kite purposkesther research
should be carried out on areas as creep resistihdability and wheaterability of these fabrics.
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