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Corner Wrinkling of a Square Thin Film Membrane Due to Symmetric Mechanical Loads

Abstract

Thin-film membrane structures are under consideration for use in many future gossamer

spacecraft systems. Examples include sunshields for large aperture telescopes, solar sails, and

membrane optics. The development of capabilities for testing and analyzing pre-tensioned, thin-

film membrane structures is an important and challenging aspect of gossamer spacecraft

technology development. This paper presents results from experimental and computational

studies performed to characterize the wrinkling behavior of thin-film membranes under

mechanical loading. The test article is a 500 mm square membrane subjected to symmetric

comer loads. Data is presented for loads ranging from 0.49 N to ,_.91 N. The experimental

results show that as the load increases the number of wrinkles increases, while the wrinkle

amplitude decreases. The computational model uses a finite element implementation of Stein-

Hedgepeth membrane wrinkling theory to predict the behavior of the membrane. Comparisons

were made with experimental results for the wrinkle angle and wrinkled region. There was

reasonably good agreement between the measured wrinkle angle and the predicted directions of

the major principle stresses. The shape of the wrinkle region predicted by the finite element

model matches that observed in the experiments; however, the size of the predicted region is

smaller that that determined in the experiments.

Introduction

Very large, ultra-lightweight or 'gossamer' spacecraft are an enabling technology for many

future space missions. Thin-film membrane structures (including sunshields, solar sails,

inflatable antennas, and membrane optics) are a common element in these systems. Due to their



unprecedentedsizeandflexibility, gossamerspacecraftsystemswill requireadvancedmodeling

andtestingtechnologiesto supporttheirdevelopment.Thebehaviorof thesestructurescanbe

highly nonlinearandchallengingto modelandtest. Modelingandanalysistechniquesto predict

nonlinearmembranebehaviorsuchaswrinklingshouldbevalidatedthroughcomparisonwith

testresults.However,groundtestingof ultra-lightweightstructuresis inherentlydifficult dueto

thepresenceof gravity andtheinfluenceof instrumentationmassonstructuralbehavior,and

newtestmethodsandnon-contactinstrumentationareneeded.Theseneedsareaddressedin this

manuscriptthroughthestudyof analyticalandexperimentalcapabilitiesto predictthe wrinkling

behaviorof a simplethin-film membranestructure.

Previous Studies

When a thin-film membrane is subjected to discrete tensile pre-loads localized buckling (or

wrinkling) often results. This is because thin membranes have negligible bending stiffness and

cannot resist compressive loads. The wrinkles serve to eliminate compressive stresses.l The

behavior of membrane structures has been studied previously by numerous researchers. A

comprehensive overview of the modeling and analysis of membranes completed by Jenkins and,

Leonard discusses many important contributions to this field of research. 3 Finite element

modeling techniques will be utilized extensively to predict the behavior of future thin-film

membrane structures due to the nonlinear nature of the problem. Typically, the capabilities of

commercially available finite element codes are inadequate to model all of the important aspects

of membrane behavior. For example, modeling thin-film membrane structures using standard

membrane elements is not advisable when the membranes experience significant wrinkling

because the stress distribution in the membranes will not be represented properly. There are

several approaches available for modeling membrane structures that account for the effects of
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wrinkles,including:thecablenetworkmethodandmodifiedmembraneelementmethods.The

cablenetworkmethodwasdevelopedspecificallyfor modelingthedynamicsof pretensioned,

wrinkledmembranes.4 Theapproachis basedon theestablishedprinciplethat loadtransferin

wrinkledregionstakesplacealongwrinklelines. Themembraneis meshedwith anetworkof

cables(preloadedbarelements)thatis mappedto thewrinklepatternof thestructure. This

approachis usefulfor determiningtheout-of-planestructuraldynamiccharacteristicsof

pretensioned,wrinkledmembranestructures;however,it is limited in thatit requiresprior

knowledgeof thewrinkle patternto createthecablenetworkanddoesnotaccountfor in-plane

shearor thermaleffects.Thecablenetworkmethodhasbeenpreviouslyusedby oneof the

authorsto modeltheInflatableSunshieldIn Space(ISIS)andone-tenthscalemodelNext

GenerationSpaceTelescope(NGST)sunshields,s A moreaccuraterepresentationof wrinkled

membranestructuralbehaviorcanbeobtainedbyusingstandardmembranefinite elementsin

conjunctionwith a 'no-compression'membranematerialmodel.6"7Theseapproachesstartby

developingasetof criteriaby whichthestateof themembrane(wrinkled, slack,or taut) canbe

assessed.During theanalysis,thematerialpropertiesof eachelementareadjustedto accountfor

thebehaviorassociatedwith theparticularstateof thatelement.Theadvantagesof these

methodsarethattheycanbeusedto: (1) accuratelydeterminethestateof stressin themembrane

in thepresenceof wrinkling, (2) predictwrinklecharacteristicsincludingwrinkled region

geometryandwrinkledirections,and(3) to modelthermal-structuralbehavior.

Relativelyfewexperimentalstudiesconcerningthebehaviorof pretensioned,thin-film

membranesfor spacestructuresapplicationshavebeencarriedoutovertheyears. During the

1980's,asmallamountof attentionwasgivento membranesthatwouldserveasreflector facets



attachedto stiff underlyingstructure,andreportsby Sewall,Miserentino,andPappaat NASA

LangleyResearchCenter(LaRC)8 and Thomas and Veal at the Air Force Rocket Propulsion

Lab 9 are notable publications occurring in this era on the subject of thin-film tensioned

membranes. The analysis and testing of inflatable structures (i.e. tubes and antennae) received

considerable attention in the 1990's. Of particular relevance to this research are those studies

involving pre-tensioned flat membrane structures (i.e. solar sails, sunshields, and optical

membrane flats). Jenkins, _° Wong, _ and Kukathasan 12have published results in the past few

years examining both the static and/or dynamic response of pre-tensioned thin-film membrane

structures including experimental studies. Testing of membranes is inherently difficult not only

because of the presence of gravity, but also because any instrumentation contacting the surface

will alter membrane behavior. Two techniques have been employed successfully in the past to

measure the surface of membrane structures. Jenkins et. al. 1° used a capacitance based proximity

sensor to measure the surface wrinkling of an isothermal membrane subjected to combined shear

and tension loads. The sensor operated by measuring the change in capacitance between the

sensor head and the membrane surface. This technique resolved out of plane wrinkle amplitudes

as small as +/-0.05ram. Pappa et. al._3 recently employed photogrammetry to determine the

surface figure of a 5m diameter inflatable space antenna. Photogrammetry is a technique that is

commonly used by geographers and cartographers. It is the science of constructing a 3D contour

map by triangulating common points from a series of 2D images. On a relatively large structure

this technique had a precision on the out of plane displacements of between 0.9 and 2.8ram.

These were obtained with a digital camera that had a resolution of 1792x1200 pixels. Both a

capcitance sensor and photogrammetry were used by Blandino et. al. t4 to study the behavior of a

square membrane subjected to both mechanical and thermal loads.



Althoughmodelingof wrinkled membraneshasoccurredsincethe 1960'stherehasbeenvery

little comparisonof thesemodelswith experimentalresults.This paperpresentsnotonly an

experimentalinvestigationinto thewrinkling of asquareKaptonmembranethatis subjectedto

symmetricmechanicalloadsatthecorners,butalsoacomparisonof thoseresultswith those

predictedby acomputationalmodel. Thegoalof theresearchis to quantifythewrinklepatterns

nearamembranecorneroverarangeof mechanicalloads.Theknowledgegainedfrom this

studywill providevaluableinsight into thephenomenonof membranewrinkling. Thedatawill

alsobeusefulfor validatingcurrentmodelingtechniques.

Experiment Design

The design of the experiments is described in this section, including: the test specimen, test

frame, load cases, and instrumentation.

Test Specimen

The test specimen used for this study was a 0.5 m (19.68 in) square Kapton HN membrane 2.54

x 10 .2 mm (0.001 in) thick. The membrane has a 1 x 10 j mm (3.94 x 10.5 in) vapor deposited

aluminum coating on one side. The test article was cut from a roll of material. The material was

free of either significant material wrinkles or creases. The material was handled with cotton

gloves and care was taken not to crease the membrane while mounting it in the test frame. The

corners were reinforced with 0.12 mm (0.005 in) thick transparency film on both sides. The

reinforcing was triangular in shape with dimensions of approximately 10 mm x 10 mm x 14.1

mm (0.39 in. x 0.39 in. x 0.55 in.). Mechanical loads were applied at discrete points at the

corners of the membrane via Kevlar threads. Kevlar threads were also used to anchor the corners

opposite the loads to the test frame.
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Test Frame

The membrane was oriented in the test frame and the axes taken its shown in Fig. 1. The frame

was constructed from 25.4 mm (1.0 in.) 6061 aluminum square stock. The frame was 980 mm X

980 mm (38.6 in. X 38.6 in.). The corners of the frame were reinforced with 6.35 mm (0.25 in.)

aluminum plates. These aided in squaring the frame during assembly. Two legs were mounted to

the frame at each of the bottom comers. Each leg met the frame at a 45 ° angle. The legs were

fabricated from aluminum stock identical to that used for the frame. The legs rested on vibration

isolation pads. The thread attached to the top comer of the membrane was run through a 0.41

mm (0.016 in) diameter hole in a Delrin plug. The plug was attached to a mounting screw on

the test frame. The thread on the left corner was attached to a mounting screw in an identical

manner. The threads attached to the bottom and right sides were passed through .46 mm (0.018

in) diameter holes in Delrin plugs mounted to the test frame. Mechanical loads were applied by

hanging masses from the ends of these threads. Once the membrane was loaded, the Kevlar

threads were checked to ensure that they were square with the tesl frame. Excess thread at the

top and right side were pulled taught and securely fastened to the test frame so that the

membrane could not slip. During the squaring procedure and testing both axes were loaded

symmetrically. Prior to hanging the manufacturer's value for each mass was verified using an

electronic balance.

Load Cases

A single membrane was used for a test series of four load cases. This allowed direct comparison

between wrinkle patterns from case to case. The test sequence began with approximately a 0.49

N (0.11 lbf) load applied as discussed above. The mass remained unchanged for approximately



15minutewhiledigital imagesweretakenof themembrane.At thecompletionof a testcase

additionalmasswasaddedto thetwocornersandthesequencestartedagainuntil thefour load

caseswerecompleted.Thedesiredloadsandtheactualloadsappliedto thecornersareshownin

Table 1.

Instrumentation

Photogrammetry was used to determine the surface profile within a pentagon shaped section that

was approximately 250.0 X 250.0 X 212.5 X 212.5 X 53.0 mm in size with the apex located at

the left corner of the membrane. The location of the measured area was shown in Fig 1. A

symmetric pattern of spots was projected onto the non-aluminized side of the membrane using a

standard slide projector and 35 mm slide. The projected spots were approximately 5.5 mm on-

center and 6.0 mm in diameter. To determine the spatial coordinates accurately the center of each

target spot must be located in each image. This can be done automatically by the software

provided that the spots are uniformly illuminated. Even the non-aluminized side of the

membrane produced glare and non-uniform contrast across the membrane, therefore this side of

the membrane was sprayed with a talc-based developer solution (Spotcheck SKD-S2 Developer,

Magnaflux, Glenview, IL 60025). This type of developer is typically used to locate surface

cracks in materials. The solution dried white and adhered but did not bond to the membrane

surface. It could be wiped off easily. The coating provided a non-reflective surface to project

targets onto the membrane. Two images were taken with identical, calibrated, digital cameras

(Canon Powershot G1, Canon USA, Inc., Lake Success, NY, 11042) mounted approximately

610mm from the membrane surface. The baseline between the two cameras was approximately

580 mm. The cameras had a 2048 X 1536 pixel resolution. The images were processed using



commerciallyavailablephotogrammetrysoftware(ShapeCapture,ShapequestInc.).Photographs

of themembranewith dotpatternareshownin Figs.2(a)and2(b).

A framewith controlpointssurroundedthetestarea.Theframecanbeseenin Figs.2(a)and

2(b).Theframewassquarewith sidelengthsof 381mm(15.0in.) constructedfrom 25.4mm

wideby 6.25mmthick (1.0 in. X 0.25in.) Aluminum.Eachsidehadthreeequallyspaced

controlpoints.Thecontrolpointswere12.5mm(0.5 in.) in diameter,machined0.254mm(0.01

in.)below thesurfaceof thealuminum,andpaintedblack. Thecontrol pointswereusedto

definetheaxesanddetermineimagescale.This informationwasusedwithin thesoftwareduring

theanalysisandwasalsousedto determinetheaccuracyof themeasurements.Typical errors

for X, Y, andZ measurementswereapproximately,1.25x 10 -3 ram, 1.25 x 10 .3 mm, and 2.25 x

10 .3 mm respectively.

Although the images used for photogrammetry are of the non-aluminized side of the membrane

the results presented are for the aluminized face of the membrane (i.e. facing the aluminized side

of the membrane at the left corner). The phtogrammetry software outputs columns of X, Y, and

Z data. For the section of membrane under study this was approximately 2000 data points. The

data was put into matrix form using the Kriging method available within the Surfer Version 7

(Golden Software, Inc., Golden, CO 80401) plotting software. Once the data was in matrix form

a smoothing operation was performed and the results plotted.

It is important to note that the amplitude data near the edge of the membrane may not always be

reliable. Near the edges the radius of curvature of the membrane can be relatively small. This



causedproblemsfocusingthetargetsandpresumablyerrorsin thestereomatchingbetween

points.This typeof errorcanresultin incorrectdeterminationof theamplitudevaluefor thedata

point. Therefore,datapointsnearthemembraneedgesthathadZ values significantly different

from adjacent points were judiciously removed prior to processing the data.

Experimental Results

The main goal of this investigation was to quantify the wrinkle pattern near the corner of a

symmetrically loaded membrane. Experimental data was collected that determined the effect of

loading on the number of wrinkles, wrinkle amplitude, and wrinkle angle. In this section results

are presented for the four load cases in Table 1.

The first objective was to determine the number of wrinkles present for each load case. Figures

3-6 show isometric and contour plots for each case. Cases 1 and 2 have two wrinkles, while

cases 3 and 4 show four distinct wrinkles. Along with the wrinkling, cases 1 and 2 show a slack

region near the Y-axis. For case 1 the slack region begins at approximately 150 mm. For case 2

the region is somewhat smaller. The slack region disappears as the loads are increased as is the

shown in cases 3 and 4. Clearly, as the loads increased the number of wrinkles increased.

The wrinkle angle was determined by measuring the direction of each wrinkle with respect to the

X-axis. This was done using the contour plots. Lines were drawn on the contour plots as shown

in Fig. 7. Valleys are denoted by a V, while peaks are denoted by a P. The angle measurements

for all load cases appear in Table 2.



To measurethewrinkle amplitudethedisplacementdataalongdiagonalsfrom Y=80mmto

X--80mm,Y=100mmto X=100mm,andY=150to X=150 mmwereplottedin Fig. 8-11(a)-(c).

Dataalongthediagonalwasusedbecauseit wasapproximatelyperpendicularto thewrinkles.

Wrinkle amplitudewasdeterminedby measuringthedifferencebetweenthevalleynearthe

centerof thediagonalto thetwonearestpeaks.Thefiguresshowthat,in general,thewrinkle

amplitudedecreaseswith increasingload.Figure8(b)and(c) showthatfor thecase1the

wrinkleamplitudeis approximately0.5mmwhile for case4 it is0.25mm.

Analysis of Experiments

An analysis of the laboratory experiments was performed to predict the wrinkling behavior of the

membrane. The following sections present the technique used to analyze the wrinkled

membrane, the details of the finite element model, and a summary of the results including a

comparison between analytical predictions and experimental results.

Analysis Technique

Nonlinear analysis techniques are required in order to accurately account for geometric

nonlinearities, load stiffening, and wrinkling effects in the analysis of membrane structures. The

analysis technique used to predict the wrinkled membrane response in this study is a finite

element implementation of Stein-Hedgepeth wrinkling theory. 1'15 According to Stein-Hedgepeth

theory the stress state in a wrinkled region of a membrane is uni-axial (positive major principal

stress and zero minor principal stress) and wrinkles form in straight lines along the direction of

the major principal stresses (load transfer in the wrinkled region is along these lines). The theory

predicts average strains and displacements,not individual wrinkle details, in the wrinkled region.
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The analysis is performed using the commercially available finite element analysis program

ABAQUS _6 with membrane wrinkling effects accounted for through the use of a user defined

material (UMAT) subroutine developed by Adler.17 The analysis procedure is as follows. First,

a finite element model of the structure is generated and membrane elements are assigned the

wrinkling material model. Next, a nonlinear static analysis of the structure performed during

which the state of each element integration point is determined using a wrinkling criteria (cy2 > 0

---) taut, El < 0 _ slack, _L > 0 and cy2-< 0 -) wrinkled) and the stiffness matrix for slack and

wrinkled elements is modified accordingly.

Finite Element Model

The finite element model of the laboratory experiment is shown in Fig. 9. The model includes

the membrane, corner reinforcements, and Kevlar threads. The membrane is modeled using

39976 membrane elements (ABAQUS M3D4 and M3D3 elements) which are assigned the

wrinkling material model. The corners are modeled with 64 shell elements (ABAQUS $3

elements), and the threads are represented using 20 beam elements (ABAQUS B31 elements). A

summary of material properties used in the analysis is presented in Table 3. The point loads are

applied at the ends of the right and bottom Kevlar threads. The boundary conditions are applied

at the ends of the Kevlar threads attached to the test fixture. The ends of the top and left threads

are constrained in all three translational degrees of freedom, while the right and bottom threads

are constrained in the two translational degrees of freedom normal to the loading direction.
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Analytical Results

The structural response of the membrane was analyzed for each of the four load cases

investigated in the laboratory experiments. Table 4 presents a summary of the maximum stress

and the stress at the center of the membrane for each of the load cases. The stress levels are

consistent with those of future gossamer spacecraft applications such as the NGST sunshield. 5

Plots of the major and minor principal stress distributions in the membrane are given in Fig. i0.

The plot of the major principal stresses shows that there are stress concentrations at the corners

of the membrane where the loads are applied, however the central region of the membrane has a

relatively uniform stress distribution. The minor principal stress plot reveals that there is a

region of near-zero minor principal stress around the comers and outside edges of the membrane.

Recall from Stein-Hedgepeth theory that the minor principal stresses are zero in wrinkled regions

of the membrane. Figure 11 presents plots of the predicted wrinkle region in the membrane for

load case 3 (2.45 N comer load). These plots were generated by outputting the element

integration point states during the course of the analysis. The completely wrinkled region, Fig.

1 l(a), consists of elements for which all integration points have a wrinkled state, while the

partially wrinkled region, Fig. l l(b), encompasses elements for which at least one integration

point has a wrinkled state. Fig. ll(c) shows the total wrinkled region consisting of both

completely and partially wrinkled elements. The wrinkle region is seen to extend from the

corners around the edges of the membrane. Note that a comparison of the size and shape of the

wrinkle region for each of the four load cases shows that the magnitude of the comer loads has

an insignificant effect on the characteristics (shape and size) of the wrinkle region.
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Comparison of Analysis and Experiment

Predictions from the finite element analysis were compared with results from the laboratory

experiments. Since the analysis technique is not capable of predicting the details of the

membrane wrinkling, comparisons are made for the extent of the wrinkle region and the

direction of the wrinkles. Figure 12 provides a comparison of the predicted and measured

wrinkle regions. The general shape of the wrinkle zone is seen to be similar, although the

analysis predicts a smaller wrinkle region than is measured in the laboratory. The extent of the

predicted wrinkle region extends approximately 43% of the distance from the comer to the center

of the membrane, while the measured region extends approximately 59% of this distance. The

comparison is somewhat complicated in that there is not a well-defined boundary to the wrinkle

zone in the experimental data.

Figure 13 presents a comparison of the predicted major principal stress directions and the

measured wrinkle angles (for both the troughs and crests of the wrinkles) in the right-hand corner

of the membrane. Both the angular measurements are taken from the x-axis as defined in Fig. 7.

Recall that Stein-Hedgepeth theory predicts that wrinkles form in straight lines along the

direction of the major principal stresses, thus the measured wrinkle angles are expected to fall

along the predicted major principal stress angles. Good agreement between the predicted and

measured results is seen in the central region, while the results show less favorable agreement

towards the edges of the membrane. This is explained to a certain degree by the less well-

defined nature of the wrinkles near the edges of the membrane in the experimental data.

Additionally, the wrinkles near the edges are close to the boundary of the wrinkle zone and their

behavior may not follow theory as well as those in the center of the wrinkle zone.
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Concluding Remarks

A combined experimental and computational investigation of corner wrinkling of a square

Kapton membrane was presented. The membrane was subjected to symmetric corner loads that

ranged from 0.49 - 4.9 N. The wrinkling behavior of the membrane was characterized in the

laboratory using photogrammetry. The experimental results showed that as the loads increased

the number of wrinkles increased, but the amplitude decreased. An analysis of the experiments

was performed using a computational technique that accounts for membrane wrinkling effects.

Relevant results from the analytical model include predictions for the extent of the wrinkled

region and the directions of the wrinkles. The experiments showed that the wrinkled region was

somewhat larger than that predicted by the model. Theory predicts that wrinkles will form along

straight lines in the direction of the major principle stresses. The computational results show

reasonably good agreement between the wrinkle angle with respect to the X-axis and the

direction of the major principle stresses.

Although the focus of this paper has been symmetric mechanical loading, preliminary work into

the effect of heating has shown that thermal effects may have a significant effect on the

membrane wrinkle pattern. This will be the focus of a future paper.
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Table 1: Summary of applied loads.

Case 1

Case 2

Case 3

Case 4

Desired

Load

Actual Loads

Side Bottom

0.491N 0.490N 0.483N

1.471N 1.470N 1.462N

2.452N 2.450N 2.442N

4.905N 4.898N 4.891N
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Table 2. Wrinkle angle measured from X-axis.

0.49N 1.47N 2.45N 4.9N

Valley 1 62.48 ° 72.26 ° 76.49 ° 80.40 °

Peak 1 58.88 ° 62.32 ° 71.95 ° 73.52 °

Valley 2 45.13 ° 49.05 ° 68.08 ° 65.99 °

Peak 2 36.21 ° 35.04 ° 62.24 ° 58.97 °

Valley 3 10.75 ° 8.51 ° 46.19 ° 47.15 °

Peak 3 37.63 ° 39.57 °

Valley 4 27.49 ° 33.40 °

Peak 4 25.70 ° 25.74 °

Valley 5 9.69 ° 11.74 °
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Table 3: Summary of material properties.

Component Material E (N/m 2) V

Membrane Kapton HN 2.5E+9 0.34

Corner reinforcement Mylar 3.8E+9 0.3

Thread Kevlar 7.05E+ 10 0.36
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Table 4: Summary of predicted membrane stresses.

Load Case
Omaximum

N/m 2 (psi)

1.49E+6 (216)

Ocenter

N/m z (psi)

4.26E+4 (6)

2 4.49E+6 (651)

3 7.50E+6 (1087)

1.51E+7 (2186)

1.28E+5 (19)

2.13E+5 (31)

4 4.25E+5 (62)
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Figure 1. Membrane mounted in test frame, Axes, direction of applied loads, and measured region are shown.
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(a) Left image used for photogrammetry.

(b) Right image used for photogrammetry.

Figure 2. Typical images used for photogrammetry. Frame with control points can also be seen.
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(a) Isometric view of corner section

150

2oot

50 ¸

J I r

X-Distance (ram)

(b) Contour plot of comer section

Figure 3. Isometric and contour plots of corner section of membrane subjected to 0.491N loads

23



(a) Isometric view.

--- i r

Figure 4.

(b) Contour plot.

Isometric and contour plots of corner section of membrane subjected to 1.471N loads
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(a) Isometric view.
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(b) Contour plot.

Figure 5. Isometric and contour plots of corner section of membrane subjected to 2.452N loads
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(b) Contour plot.

Figure 6. Isometric and contour plots of corner section of membrane subjected to 4.905N loads.
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Figure 7. Typical contour plot showing location of Valleys and Peaks with respect to the X-axis.
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Figure 8. Amplitude data along a diagonal line from Y=80mm to X=80mm, Y=100 mm to X=10Omm, and

Y=150mm to X=150mm
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DOF 123 = 0

DOF 123 = 0 P = 2.45 N

DOF 23 = 0

P = 2.45 N

DOF 13 = 0

Figure 9: Finite element model of membrane experiment.
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(a) Major principal stresses
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(b) Minor principal stresses

Figure 10: Principal stresses in membrane predicted by finite element analysis for the case 3, a
2.45 N corner load.
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Figure11: Predictedwrinkle regionsin membrane:(a)completelywrinkled elements,(b)
partiallywrinkledelements,and(c) all wrinkledelements.

31



1



9O

8O

7O

60

so

-_ 4O

c

30

2O

10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

d/L

Figure 13: Comparison of predicted major principal stress directions and measured wrinkle

angles in left-hand corner of membrane.
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