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Abstract

Thin membrane structures are increasingly being used in aerospace engineering applications. With
the use of this structures comes the appearance of wrinkles, that compromise safety and surface
efficiency. This way, it is necessary to understand this behaviour with the objective of predicting it
and also mitigate its appearing. This work aims at investigating the result of pure shear boundary
conditions in the study of thin membranes on various parameters such as the wrinkle profile, stress
field and failure. A number of experimental tests on specimens with two different thicknesses are
performed. From these studies, the reaction load versus corner displacement are captured being then
used to study failure. Then, the commercial finite element package ABAQUS is used to perform a
numerical study. To do so, a computational model based on the on the physical model of the membrane
is created, with the objective of simulating the conditions of the experimental tests and to study the
wrinkling phenomenon. The model created makes use of ABAQUS/Explicit scheme, using thin-shell
finite elements. Next, a comparison of the results obtained in the experimental and numerical tests is
made, but also an analysis of the results obtained. Finally, the conclusions are presented as well as
some suggestions for future work.
Keywords: Membrane, pure shear, wrinkling, failure, experimental tests, numerical models

1. Introduction

Thin ultra-lightweight membrane materials are in-
creasingly becoming more important in the indus-
try of space exploration due to their proprieties,
such as low volume and weight. The applications
for these structures are of a wide variety, such as
solar sails (Sleight et al., 2005), sun shields for
the James Webb Space Telescope, inflatable anten-
nas (Sreekantamurthy et al., 2007) and mirrors for
space telescopes (Meinel and Meinel, 2000). The
use of these materials is accompanied by the ap-
pearance of wrinkling (out-of-plane displacement).
This phenomenon leads to a reduction of surface
efficiency as well as to a reduction of structural sta-
bility, leading to undesired failure. For example, in
a sun shield, the appearance of wrinkles can lead to
non-uniform distribution of radiation, and thus, un-
desired increase of temperatures above the desired
values. The appearance of wrinkling is caused by
in plane compressive stresses and negligible flexu-
ral stiffness, characteristic of membrane materials,
thus leading to buckling in the form of wrinkles.
According to the wrinkling criterion there are three
possible states that a given membrane can present,
taut, wrinkled and slack. The taut state is veri-
fied if the minor principal strain is positive, while
the wrinkled state occurs when the major principal

strain is positive and the minor principal stress is
non-positive. Finally, the slack state occurs if both
major principal stress and strain are non-positive.
The first approach on the study of the wrinkling
condition under several load and boundary condi-
tions was introduced by Wagner (1929), named ten-
sion field theory. This was later developed by Reiss-
ner (1938) and by Mansfield (1969). It treats the
membrane has having zero bending stiffness, result-
ing in satisfactory predictions for stress distribution
and wrinkled areas. However, it does not provide
results on wrinkling details such as wrinkle ampli-
tude and wavelength. Stein and Hedgepeth (1961)
based in the tension field theory, developed the so
called wrinkling theory, which predicts a wrinkling
region whenever an in-plane principal stress is nega-
tive. Another approach to study the wrinkling phe-
nomenon is to consider the bending stiffness of the
membrane. The consideration of the compressive
stresses in the membrane was initially used to solve
the problem of a hanging blanked by Rimrott and
Cvercko (1986). After that, other authors such as
Cerda and Mahadevan (2003), and Wong and Pel-
legrino (2006a) made use of this approach, which
yields accurate results for the wrinkling state, am-
plitude and wavelength.

This work focuses on the problem of a square
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Figure 1: Schematics of the picture-frame test
(Sharma et al., 2003).

sheet clamped on all four edges subjected to shear.
These boundary conditions are achieved through
the use of a picture-frame test. This method con-
sists of using a mechanical contraption that only
allows the movement in the desired directions as
represented in Figure 1. This test is mainly used
for the study of orthotropic composites, however, it
presents the desired boundary conditions and was
the most viable option in order to constrain all four
edges of the membrane. The study of wrinkling
under shear conditions has been done in previous
works, the effect of the boundary conditions speci-
fied in this investigation are not well studied in the
literature, since most works focus on the effects of
membranes under simple shear.

The approach made in this work was set to fo-
cus on the comparison between wrinkling in exper-
imental and numerical tests, however, it was not
possible to obtain information of wrinkling in the
experimental tests. Thus, the study of failure under
shear is also an additional focus of this work. While
the data from failure can be compared between the
experimental and numerical approaches, the wrin-
kling data obtained from the numerical simulations
is analysed and discussed.

2. Experimental Studies

The material used in experimental testing is Kapton
HN, a polyimide film, with proprieties described in
the manufacturer catalogue (Dupont, 2014). The
data for experimental confirmation of these propri-
eties were taken from de Carvalho (2015), where
membranes of 0.025 mm and 0.05 mm were tested.
The thickness of the membrane was also tested, and
verified to be the value provided by the manufac-
turer. In order to perform the picture-frame test
a mechanical contraption was designed using CAD
software SOLIDWORKS 2016, with other picture-
frame fixtures as a models and then produced. The
picture-frame fixture designed was manufactured
from aluminium 7575. The elastic proprieties of the

Table 1: Proprieties of the materials used.

Material Young’s Modulus (GPa) Poisson’s Ratio

Kapton HN 2.5 0.34
Aluminium 7575 70 0.33

Figure 2: Picture-frame fixture mounted in the
INSTRON 5566 testing machine.

materials are described in Table 1. The contrap-
tion is composed by 8 clamping plates and 2 cross-
head mounts, necessary to attach the contraption
to the testing machine. This mechanical fixture was
designed in order to test samples of 200x200 mm.
The samples themselves were cut with dimensions
of 206x206 mm in order to have a section of 3 mm
in each side that is clamped.

After the step of cutting the membrane, it is then
clamped in the picture-frame fixture, and then this
mechanism is mounted in the testing machine (Fig-
ure 2). For all tests an INSTRON 5566 testing ma-
chine (Bluehill 3 software) was used with a load cell
of 10 kN and a grip velocity of 2 mm/min. The test
is to be stopped manually after verification of mem-
brane failure by observation or through the load
values read by the software.

From the picture-frame tests performed, through
the Bluehill 3 software, the reaction load and dis-
placement were recorded. Testing was done on 26
samples, 13 samples from each thickness (0.025 mm
and 0.05 mm). The data from the first round of
testing (20 samples) is represented in Figure 3. As
these curves present a very high variation of results,
tests without membranes were also performed, in
order to determine the impact of friction in the
tests. These tests revealed additional forces of
100 N from the picture-frame fixture alone, that
were reduced to 10 N after lubricant was added.
Tests with added lubricant and membranes were
also performed, however it resulted in problems re-
garding the grip in the clamping plates.
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Figure 3: Reaction load versus displacement results for the Kapton samples of thickness (a) 0.025 mm
(b) 0.05 mm.

Failure verified during experimental tests started
generally in the lateral corner, except in the sam-
ples that presented problems related to clamping in
the picture-frame fixture, as is observable in some
curves of the graph above. The failure mode ob-
tained for the majority of the samples is presented
in Figure 4. During all the tests wrinkling was ob-
served, as expected, however, as stated before it was
not possible to record such data since the Digital
Image Correlation (DIC) software was not available
at the time of experimental testing.

3. Numerical Studies
An initial approach using the numerical scheme typ-
ically used in wrinkling problems was made. This
consists in performing an eigenvalue buckling anal-
ysis in order to extract the buckling loads and the
buckling modes. The modes obtained are then
introduced as imperfections into the initially flat
model to perform a static analysis with a stabiliz-
ing factor controlling the convergence of the solu-
tion. In order to implement this, the commercial
finite element package ABAQUS (6.14) was used
to create a computational model with similar char-
acteristics to the ones found in the experimental
testing. Hence, a geometrical model of a thin mem-
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Figure 4: Example of failure in a Kapton square
membrane after being subjected to the

picture-frame test.

brane, merged with 4 solid structures at the edges
was made as represented in Figure 5. Regarding
the elastic component of the material the param-
eters introduced were the Young’s Modulus (2500
MPa) and the Poisson’s Ratio (0.34), while the plas-
tic component used was obtained from the work
of de Carvalho (2015). The finite element chosen
was the S3, a 3-node, triangular general-purpose
shell appropriate for finite membrane strains due
to the moderate computational efficiency and pos-
sibility of alignment with the load imposed, as the
quadrangular elements tested lead to high degrees
of distortion. For the solid structure, the C3D8R
finite element was chosen, which is an 8 node lin-
ear element with reduced integration and hourglass
control. The mesh is then generated imposing a el-
ement size of 2 mm (at two sides of the triangle),
thus generating 10000 triangular finite elements for
the membrane, while the size of the solid elements is
chosen only to be compatible when merging to the
mesh, being these rectangular hexahedron elements
of 2x20x40 mm.

Figure 5: Computational model used in the
numerical studies.

The step of introducing the geometric imperfec-
tions and the use of stabilizing factor revealed some
setbacks, due to problems of controlling conver-
gence versus undesired loads added by stabilizing
factor, a decision of altering the numerical scheme
was made. This way, ABAQUS/Explicit scheme

was chosen, which is a dynamic scheme, but can
be used for static analysis if the load rate is small
enough. Therefore, it was necessary to find an anal-
ysis time that maintain the analysis as a quasi-static
analysis, as it is necessary to maintain the total ki-
netic energy of the model around 5% of the total in-
ternal energy (Natário et al., 2014). In the present
case, after a parametric study an analysis time of
200 s was adopted.

Finally, for the study of membrane failure, the
Hashin criterion was used, treating the membrane
as an elastic material up to damage initiation, and
using data from experimental tests of de Carvalho
(2015) for defining the stress values that initiate
degradation of elements. According to this data,
the values used for the stress limit in direction 1
(the direction of the load) are 150 MPa and 210
MPa in the 0.025 mm and the 0.05 mm membrane
respectively. For shear stress limit, from the von-
Mises yield criterion, in the 0.025 mm and 0.05 mm
membrane thickness, 86.6 MPa and 121.4 MPa were
used, respectively. The compressive stress was not
used to initiate failure as it is not a failure mode in
the present case.

Even though the first three buckling modes were
obtained for both membranes they were not used in
the model as they were not needed when using the
Explicit scheme.

Hence, the reaction load versus displacement
curves obtained with the Explicit scheme are de-
scribed in Figure 6. In these curves it is possible to
confirm that the membranes are modelled as elas-
tic materials up to the onset of failure. A second
model, named model 2 for simplicity, was created.
This model is similar to the first one, with the dif-
ference being in the merging of the membrane with
the solid structure. In model 2, gaps of 10 mm in
all corners of the membrane were left free by not
being merged with the solid structure. This was
done since during experimental tests it was verified
that the corners of the picture-frame fixture were
not clamping the corners of the samples ideally, due
to a notch designed to allow the movement of the
mechanism. So this model serves the purpose of
evaluating the undesired effect caused by the ex-
perimental set-up on the membrane. As expected
model 2 presents failure for much lower loads than
model 1. The concentration of stresses in the el-
ements that divide the merged edge and the non-
merged edge lead to this failure, since the stresses
that were distributed along the corner are now con-
centrated in two points (two for each corner).

The results regarding the failure point for both
models and thicknesses are summarized in Table 2.

The wrinkle profiles through the diagonal of the
membrane were collected along various points of the
analysis and are presented in Figure 7. Here it is
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Figure 6: Reaction force versus corner
displacement from the numerical analysis of
membranes with 0.025 mm and 0.05 mm of

thickness for (a) model 1 (b) model 2.

Table 2: Summary of failure results for both
computational models.

Model 1 2

Thickness (mm) 0.025 0.05 0.025 0.05
Corner displacement (mm) 15.2 20.9 5.7 8.1

Load (N) 440.6 1140.9 149.7 480.7

possible to observe the evolution of wrinkling re-
garding amplitude growth and also the number of
wrinkles. It is also possible to verify that the wrin-
kles do not present symmetry regarding the cen-
ter of the membrane, as that was to be expected.
This may derive from the fact that the wrinkling
behaviour is highly unstable, and the use of a dy-
namic scheme, as Explicit in this case, can generate
oscillations caused by the formation of wrinkles dur-
ing the analysis. Comparing different thicknesses it
was verified while the amplitudes were higher in the
thicker membrane, the 0.025 mm membrane pre-
sented a higher number of wrinkles, for a maximum
of 35 wrinkles, and the 0.05 mm membrane a max-
imum of 30 wrinkles, as can be seen in Figure 8.

The major principal stresses were found to be
positive in both thicknesses in the whole mem-
brane, while the minor principal stresses presented
a minimum value near the merged edges and val-
ues around zero, positive and negative in the center
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Figure 7: Wrinkling profile of a square membrane
of thickness t = 0.05 mm subjected to different

corner displacement; (a) 1.499 mm (b) 20.01 mm.
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Figure 8: Comparison between the number of
wrinkles in square membranes with 0.025 mm and

0.05 mm of thickness subjected to shear.

area of the membrane.

4. Discussion
Adjusting the curves from the experimental tests
of membranes with the curves obtained from the
tests of the mechanical contraption is possible by
subtracting them (using the principle of superposi-
tion), in order to compare the results from numer-
ical and experimental tests. In Figure 9 it is now
possible to compare the results for the reaction force
and displacement curves, where some samples were
excluded for having presented problems regarding
clamping. It is possible to observe the difference
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in the numerical and experimental results regard-
ing the reaction load involved in the tests. The
experimental results present a higher value of reac-
tion load, specially in the beginning of the analy-
sis, indicating that the friction from the mechani-
cal contraption could not be eliminated in totality
even with the use of added lubricant. The use of
stresses and strains would lead to a more accurate
comparison, however, without a strain gauge it is
not possible to assume the load applied is ideally
transferred to the membrane.

Regarding membrane failure it is possible to con-
firm that the model with 0.05 mm of thickness
presents a value approximate to the value obtained
in the experimental tests, namely samples 17, 18,
19 and 20. On the other hand, in the model with
0.025 mm of thickness that has the corners free
(model 2) the failure presents a better agreement
with the values obtained in the experimental test-
ing, namely seen from samples 2, 4 and 8. This may
indicate a higher susceptibility to stress concentra-
tion due to the edges of the picture-frame fixture
and being clamped worse in the corners for the case
of the thinner membrane, since model 2 is aimed
at simulating that behaviour. The thinner mem-
brane also presented more difficulties regarding the
mounting in the picture-frame mechanism and cut-
ting of samples. This processes on its own could
have induced imperfections in the samples leading
to premature failure. The mode of failure is similar
in both the experimental and numerical tests, start-
ing in the lateral corners and propagating through
the membrane.

There are many parameters that can be used to
evaluate wrinkling. During the numerical analysis
it was possible to observe the evolution in the num-
ber of wrinkles. It increased for both thicknesses,
and with that the wavelength of wrinkles decreased,
similar to what is evidenced in Wong and Pelle-
grino (2006c) for simple shear and from the analyt-
ical background (Wong and Pellegrino, 2006b). The
next step for the validation of these results obtained
numerically would be to obtain experimental data
regarding out-of-plane displacement of a membrane
subjected to shear with all the edges constrained.

The stress profile obtained is consistent with the
wrinkling criterion. That is also confirmed by the
profile of major and minor principal stresses along
the diagonal of the membrane. It was observed pos-
itive major principal stresses along the membrane,
along with negative and positive minor principal
stresses, are consistent with the necessary for wrin-
kle and taut state. It was also confirmed the re-
lation between minor principal stresses and out-of-
plane displacement, that is, the curves for the same
diagonal present symmetric behaviour in relation to
the x axis, only intersecting at zero (Figure 10).

The phenomenon of mode jumping was also ob-
served when analysing the stress evolution. Mode
jumping is evidenced by high variation of stresses in
the same nodes (Wong and Pellegrino, 2006c). This
is often related to the appearance of new wrinkles,
which is verified to happen in the present case. An-
other reason for this instability, in this case, is the
use of the Explicit scheme, a dynamic scheme, that
although used as quasi-static method, can be the
cause of minor oscillations and dynamic perturba-
tions that propagate in the membrane.

5. Conclusions

This dissertation aims to better understand and
study wrinkling and failure of thin membranes
under pure shear boundary conditions using the
picture-frame test.

From the the experimental tests, the impact of
the friction of the picture-frame test apparatus on
the reaction loads was verified. Also it was possi-
ble to verify the various gripping problems associ-
ated with this method. The results obtained from
these tests were in the form of reaction load versus
displacement curves. Regarding failure of the mem-
brane, these results are verified to be affected by the
mechanism built, and in that way, an optimization
of the experimental method would be important for
the improvement of results. It was not possible
to collect information regarding wrinkling, as this
requires specific equipment, and it with that data
would be possible to take the next step regarding
the study of wrinkling under the presented bound-
ary conditions for thin membranes. This would be
a major contribution as in the literature there is no
work that treats this particular case.

The results produced by the numerical simula-
tions using the Explicit scheme made possible to
obtain information regarding reaction load versus
displacement, failure of the membrane, but also
of wrinkling profiles and stresses present in the
membrane. The stress distribution obtained con-
firms the analytical criteria, as the major principal
stresses were positive in the whole membrane, while
the minor principal stresses presented oscillations
near zero, with positive and negative values.

In the discussion a comparison between numerical
and experimental results was made regarding the
data collected. It was possible to detect differences
regarding loads during both tests, but regarding
failure agreement between experimental and numer-
ical results was observed. Concerning wrinkling, it
was possible to observe that the number of wrin-
kles and wavelength follow a trend similar to what
is predicted by the analytical solutions for mem-
branes in simple shear. In the wrinkle profiles ob-
tained, some asymmetries were detected, that may
derive from the imposed displacement not being
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Figure 9: Comparison between experimental and numerical results of Reaction load versus corner
displacement curves for the membranes of thickness (a) 0.025 mm (b) 0.05 mm.
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Figure 10: Wrinkle profile and minor principal stresses along the diagonal plane of a square sheet with
t=0.05 mm subjected to corner displacement of 8.007 mm

applied symmetrically by the software ABAQUS.
Mode jumping was also detected, meaning, instant
high stress variations in the finite elements, which
is attributed mainly to the appearance of new wrin-
kles, and altering of the wrinkles during the anal-

ysis. The Explicit scheme proved to be a viable
method for the study of wrinkle, however in the
case of static schemes it is possible to obtain better
computer efficiency although convergence presents
a bigger issue.
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