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and material properties. Improvements construction.
over present skirt materials are reviewed
as wel I as new design concepts. The
molding technique provides greater
flexibility in air cushion vehicle skirt
design, which can incorporate very high
strength yarns and high abrasion resistant
coating materials. A discussion of the
effects of material choice on vehicle
dynamics is included.

ABSTRACT

.....This paper reviews the development of
molded air cushion vehicle skirt systems,
the rnolding procedure, types of materials

I NTRODUCT I ON

..... It has been estimated. that 8OB of the
maintenance costs of air cushion vehicles
relates to the repair or replacement of
a1r cushion skirt systems. An air
cushion vehicle is designed specifically
to operate in environments where no other
vehicle has travelled. This places
extremely dernanding requirements on the
skirt designs and materials that have to
accommodate obstacles in the path of the
hovercraft travelling at high speeds.
Flexibility, abrasion resistance, and tear
strength, aII have to be designed into a
skirt system which
mai nta i ns its desired
travelling over unprepared Eerrain.

.....The majority of skirt systems which
have been made to date rely on various
forms of biaxially woven nylon
neoprene,/natural rubber coated rolled
naterial which weigh up to L7A oz./square
yard. These current fabrics approach the
severe abrasion resistant requirements by
adding coating thickness, and approach
Ene strength requirements by adding
multiple Iaminants of nylon fabric. To
maintain flexibility and the desired

shape, the designers have developed very
intricate skirt geometry. Weak areas of
Ehese skirt systems are the seams which
occur at regular intervals corresponding
to the width of the roll stock used in the

Generally Iarge grommets
or bolts with Iarge diameter washers
are used to reinforce these hot bonded
seams as shown in figure I.

Figure I Reinforced Seams

.....The molding technique permits the
designer to examine 'the requirements of
eacir section of a skirt systernr s€lect
the fundamental elements best suited for
each area and mold them into a seamless
skirt system. In engineering a material
for a molded skirt system the designer
can select:

a) yarn type and weight,
b) type of coating and thickness,
c) weave style and number of plies,
d) integrally woven wear strips,
e) internal dampingrand
f) porosi ty

that wiII best,
skirt system.

This construction flexibility wiII aIIow
the designer to reinforce Ehe apPropriate
faces of each skirt section to withstand
higher abrasion.

when pressurized
shape while

suit each area of the



i,IETHOD

.The method for moldrng seamless air
cushion vehicle skirt systems is shown in
figure 2. An uncured, Iiquid polyurethane
is sprayed onto a male or female mold
sha.oe of an air cushion vehicle skirt
section. This forms a continuous
polyurethane layer on which is Iaid a
substrate of fabric or filament network.
Open weave fabrics are usually selected
which allow the polyurethane Iayers to
peneErate the substrate and mix together.
This open area can vary between 5t and 30?
based on Ehe type and weave of fabric
selected.

E igure 2 I.{olding Technique

substrate may be
constructed from suitable combinations of
biaxial fabrics, triaxial fabrics shown in
figure 3, and individual filaments hand
woven to suit a specific aeometry or

loading condition of the skirt system-
The substraEe is then coated with a second
continuous Iayer of uncured liquid
.oolyureEhane on which another substrate of
iaioiic can be 1aid. This Process is
repeaEed to reach the desired mutiple ply
construction and coating thickness, while
the first layer of polyurethane is stiII
uncured. When the polyurethane is cured,
a continuously molded skirt segment is
Eormed which does not exhibit the
delamination of multiple layers,
traditionally associated with calendered
sheeE rnacer iaIs.

Figure 3 Triaxial Weave

FEATURES OE A MOLDED SKIRT SYSTEI.,I

.....The molding technology allows the
designer to individually optimize each
component of a skirt system for its
structural and dynamic requirements.
Elasticity, flexibility, abrasion wear,
porosity, damping and strength can be
varied within each component.

.....The molding technique can produce
seamless air cushion vehicle sk irt
systems, which are extremely tear
resistant and are formed of integrally
bonded material, thereby being highly
resistant to delamination as shown in
figuge 4. AtI seams and joints which are
created when gluing or hot bonding flat
roll stock neoprener/rubber mater ials are
removed in Ehis technique
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Figure 4 Seamless Molded Skirt System



Tiris nolding tech'nique eliminates the
current gractice of replacing worn segments
when Ehe overall vehicle perforrnance
degrades Eo a predetermined Iimit. The
various polyurethane Iayers can be color
coded, facilit,ating positive
idenEi.f ication of high abrasion areas.
S ince polyurethane cures at room
Eemperature, worn areas can be cLeaned
wi th solvents and resprayed to their
original thickness during regular
maintainence, while Ehe segrnents are still
attached to the vehicle. The coating
thickness can be increased in these
specific areas of hiqh wear.

. Several grades of polyurethane can
be incorporated into the same skirt
system. Eor example I a very soft flexible
grade could be used at the tiP of the
skirt segrnent where abrasion is Ehe

.orimary concern and a very hard durometer
grade could be used at the toP of the
segment to foim mounting "brackets" or
reinf orce 'rgrommet'r Iocations. Attachment
.ooints and grommets can be molded into the
mat=rial without, breaking or cutting the
filaments.

.....AS vehicles become larger, skirt
systerns can be constructed wi th tapered
walIs allowing designers to create deeper
" inelastic" skirt
cornponents can be

systems. Skirt
reinforced with

multiple layers of fabric to match the
cumulative forces as they increase towards
the hard structure of the vehicle. This
produces skirt systems which are more
flexible at the ground contact area.

. Porosity can be molded into skirt
systems. During the molding Process
sections of the mold and fabric maybe
masked to produce uncoated areas of
substrate as shown in figures 5 and 5.
These areas may later be sprayed with
I iquid polyurethane to produce a
permeable section in the air cushion
vehicle skirt, segment, or trunk. This
porous section is comprised of continuous
unbroken filaments , thus maintaining the
full strength of the fabric. These
permeable sections reduce abrasion,
knuckle-under drag, sPray and undesirable
vibration and tramping problems associated
with skirE sections sealing off against
the ground as demonstrated in figure 7.

The Segmented Trunk for the NASA
ACLS Vehicle Ref. 5

F ig ure

Figure 6

5 The Checkerboard
NASA Test Vehicle
Ref. 5

Pattern of the
Trunk Orifices
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. . . . .A poEous skirt .can af fect the dynamic
response of a cushion overland. Molding a
porous band into the bottom of a skirt
reduces the rate of change of the cushion
air discharge wi th respect to heave
height. This produces a stabi Ii z ing
effect as illustrated in figure 8 A-B-C,
which displays vehicle heave height versus
time. This nonlinear dynamic simulation
assumes the porous band of the skirt is in
contact with the ground. Three porosities
are shown, 8 \-LAtZ, I B-35t, and 8 C-5?,
for the same cushion pressure and flow
raEes which resulted in different
equilibrium hover heights for each
porosity. However, as porosity is reduced
to qZ the skirt system may become
statically unstable and not be able to
support itself. In each case the vehicle
was dropped from 2 X its equilibrium hover
height.

The results indicate porosity can be
varied to optimize the damping of a skirt
sirstem consequently improvi.ng its dynamic
stabiliEy while still maintaining its
static stability.

8 Effect of PorositY on
StabiIitY

rc',ltllc EASIN I :Ptf,Nl,lf,x: 1,6 ;lcAP: ,120{098
I.25 ;|lEiG}lT: ,4 ;SI(III CD= .Z?8
g SIII SIZI: ,01

35t Porosity

, l204gg8
ch ,038

5B PorositY

F igure Dynamic



J

. . . . . Elastic def ormation of E,he skirt can
af f ect the resPonse in several brays i
through volume changes in the skirt which
result, from pressure modulation, another
is the modulation of the hovergaP.
Exa.nples o f Ehese ef f ects are shown in
figures 9 & LA. The influence on the
dynamics is illustrated by shifts on the
stabitity boundaries. In generaL, the
farther Ehe operatinq point of cushion is
from a stability boundary, the more darnped
the cushion resPonse will be. The results
shown in figures 9 & L0 are for a single
cell conical skirt, free to move in heave.
In the results shown in figure 9 the
sti ffness of the ski rt in the hooP
direction is varied but the axial
dimension of the skirt is assumed to
remain constant. Therefore the cushion
volume expands under Pressure. The
resulting curves show that as the material
weakens the unstable region groers Iarger
which is undesirable. Thus a cushion
with an inelastic hoop stiffness is more
desirable. E'igure LA shows the results for
the same skirt except that the axial
dimension of the skirt i's assumed to
shrink as Ehe hoop direction increases,
that is, a Poisson's ratio type of effect
occurs. The result is that the cushion
exit flow is increased as the volume
increases. This increases cushion damping
as shown by the increase in the stable
area of operation. Therefore optimizing
the stiffness of the skirt material to the
skirt design could be used to provide a
more favourable resPonse.
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Figure LA EffecE of Skirt Contraction on
Dynamic StabilitY Ref. 3

MATERIAL PROPERTIES

.....The elongation characteristics of a
skirt system are a function of three
principle components:

(1) type of yarn Kevlar versus Nylon
(2) Ehe rreave triaxial versus biaxial
(3) construction technique

molding versus hot bonded ro1Is.

.....TENACITY vs. ELONGATION graph shown in
figure 11 demonstrates that 'the tyPe of
yarn chosen for any skirt systern wiIl
significantly alter its performance. Three
materials aEe displayed on this graph.
Linear Low Density polyethylene (tLPE),
two types of nylon 66, and two types of
Kevlar 29 and 49. The Linear Low Density
Polyethylene (LLPE) shown in this graph is
significantly stronger than the Low
Density Polyethylene (tDPE) films being
used in research rnodels. Polyethylene i s
sometimes chosen for research models
because of i ts isotropic sti ffness
behaviour. Light weight dacron materials
and nylon materials have been widely
selected for scaled model tests. These
materials exibit a similar performance
depicted by Ehe nylon 65 curves. They
stretch approximately -252 to breaking
point and although considerably stronger
than the polyethene materials stilI
produce an elastic skirt system. In
contrast, Kevlar 29 and Kevlar 49 only
stretch 4E to 5? to a breaking point which
is approximately 3 times the strength of
nyloo. Kevlar has been incorPorated into
inelastic skirt systems which although
flexible exibit very little heave.
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Eigure II Tensile Strength Ref. 9 Ref. L0

.....The GRAB and TEAR STRENGTH VS. COATED
PABRIC 'TJEIGHT, figure L2 displays a
typical suppl iers' publ i shed mater iaI
specifications. Grab Strength (g) , tear
strengEh (t), and adhesion peel (ap) are (
shown. Again, Kerzlar demonstraEes its
superior strengEh to weight per ratio over
nylon. Note, the adhesion peel of the
neoprene/ natural rubber does not increase
with grab strength or tear strength
resulting in delamination and weak seams.
Pigures I3-15 show tear propagation in
biaxial and triax'iaI fabrics.
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.....The MULTEN BURST VS. COATED EABRIC
tiE IGHT f ig ure L7 shows that the tyPe o f
weave chosen also has a significant effect
on the abiliEy of a skirt system to resist
distortion under load. The MuIlen Burst
StrengEh of a triaxially woven nylon
material (3m1 is approximately 9 times the
MuIlen Burst Strength of a biaxially woven
nylon . A t4 ounce tr iaxial Kevlar $ras
also tested, however t,he material exceeded
the capacity of the equipment at 2OOO lbs.
per inch (3mk) . This graph also shows that
increased coating thickness does not
increase the strength of the basic fabric.

. . . . .CRACK PROPAGATION. Biaxial fabrics
wiII generally tear along a straight Iine
which is a path of minimum reslstance
shown in figure I8. Two oPPosing yarn
sytems in the triaxial fabric showen in
figures L9-21 cause a tear to change
direction, resulting in the crack
propogation being arrested in a shorter
linear distance. The triaxial weaves show
greater resistance- to smaIl ruptures
propogating into a major catastrophic
failure of the textile structure.

Figure 18, I9 ,2q ,2L Ref. 8
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. . . . .ThE ABRASION 
',TEAR 

VS DISTANCE ChATt
shown in Eigure 25 comPares KevIar,
Chopped E Glass and Oak Wood as
reiniorcing maEerials. In this abrasion
Eest aII the various materials were
i,nbedded in identical polyester resln
blocks which were then weighted and
pulled over an ashphalt road surface for
qO mi les. The Kevlar 29 FeIt samPle
s;rowed only 2.2 mm of wear which is 3OB

of the -hoPPea E Glass samPle wear '
S imi Iar resul ts can be expected when
Kevlar 29 felt is imbedded in the thick
polyurethane coating which covers the
'nigh abrasion wear areas of an air
cushion vehicle skirt sYstem.

REFERENCES
l. Boghani, A.8., "Heave-Pitch'-Roll
Analysis and Testing of Air Cushion
Landing Systems", National Aeronautics
and Space Admini stration , Sc ienti fic and
Technical Information Office, cI978.

2. Daugherty, R. H., "Irnpact Studies of a
L/3-ScaIe Model of an Air Cushion
Vehicle", Ndtional Aerooautics and Space
Adrninistration, Scienti Eic and Technical
Information Office, cI98 5 .

3. Graham, T.A.1 Sullivan I P.A.1 and
Hinchiy, M.J., "Skirt Material Affects on
Air Cushion Dynamic Heave StabiIity",
Journal of Aircraft, v.22, ao.2, February
I985, pp L7L-IO8.A

3
(
A

I

N

8..

5..

q

4..

2

2..

I.

ABRASION TEST
aIl sanPles i,n PoIYester resln
pu.l, Ied over asPhalt road

rgIass
strand

/
r vood

chopped
mat

oak

'2{oz glass fabrlc
chopped gtass

4. Graham, T.A.
"Nonlinear Dynamics
Air Cushion" 1985
Conference on Air
RockviIIe, Maryland,

, Sullivan, P.A. 7

of a Segmented Skirt
Joint International
Cushion TechnoLogY,

September 24-26.tr

A
B

Mt,l

24oz gLass faorrc

k49fabric
chopped E glass

,#

I{ILES OVER ASPHALT ROAD

Figure 25 Abrasion Test

CONCLUS ION

After completing a parametric study of Ehe
new concepts and structural capabilities
available through this moulding technique
designers wi II be able to extend the
current operating window of their vehicles
and reduce maintenance costs.
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