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In this study, wrinkles formed in a thin membrane under tension load at corners is investigated by the wrinkle measurement experiment
and the wrinkling analysis to contribute the establishment of simulation-based design methodology of a future space membrane
structure. In the model experiment, a 0.4m × 0.4m square membrane model with 12.5µm thickness is set in an upright position with
keeping one diagonal line horizontal to reduce the gravity effect. The bottom corner of the square membrane is fixed and the tensile
forces are given at the other three corners to provide wrinkles along the diagonals. Then, wrinkle distribution is measured by a laser
displacement sensor installed on the two-dimensional stage. On the wrinkling analysis, a geometrically nonlinear bifurcation analysis
is adopted with a mixed interpolation of tensorial component (MITC) shell element that is known as a locking free element. Through
detail investigation, the wrinkling analysis is illustrated to have sufficient accuracy. Also, the effect of large deflections around edges
of membranes is discussed.
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1 Introduction

laser displacement sensor
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A membrane structure has great interest in the field of space
structure such as a solar sail or an inflatable space antenna because
of its packing efficiency and lightweight property. However, a wrinkle formed in a membrane under compressive force could cause
significant deterioration in performance of the membrane structure.
Therefore, it is important to design an efficient membrane shape to
minimize the wrinkling.
For example, shape optimization method to minimize a wrinkle
intensity in terms of the boundary edge modeled by NURBS curve
was proposed 1, 2). The wrinkle intensity is evaluated from an apparent strain energy resulting from the deformation through wrinkling
based on the tension field theory3).
On the other hand, the wrinkling analysis based on the tensionfield theory cannot evaluate the out-of-plane deformation. Though
effect of the optimization using the wrinkling analysis was investigated 4) by comparing with out-of-plane deformation obtained by
a geometrically nonlinear FEM-based wrinkling analysis using a
thin shell element5, 6), the modeling accuracy is not verified sufficiently yet. In addition, establishing the simulation-based design of
the space membrane structure is requited because of a large-scale
space membrane structure have difficulty verifying through ground
testing. Therefore, the investigation of accuracy of the wrinkling
analysis is required by comparing with the experimental result.
Several methods for the out-of-plane deformation of the membrane are proposed: i.e., measurement using noncontact type sensor such as photogrammetry using CCD camera7–9), a capacitance
proximity sensor 11), a laser displacement sensor 6, 12) and grating
projection method 10).
In this study, accuracy of the wrinkling analysis based on thin
shell theory is investigated by comparing with the wrinkle measurement experiment using a laser displacement sensor for a square
membrane. Also, the effect of large deflections around edges of
membranes is discussed.
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Fig. 1 Experimental equipment
Table 1 Membrane property (Du Pont-Toray Kapton 50H)
Young’s modulus E (MPa)
2959.6
Poisson’s ratio ν
0.34
Dimension
(mm) 400 × 400
Thickness t
(µm)
12.5
2

Wrinkle Measurement

A 400mm-square polyimide film with thickness of 12.5µm (Du
Pont-Toray Kapton 50H) is used for wrinkle measurement. Material property of the polyimide film is listed in Table 1. The square
membrane is set in upright position with keeping one diagonal line
horizontal on the experimental equipment to reduce the gravity effect as shown in Fig. 1. Each corner of the membrane is stiffened
by polyimide tape with 30mm width and 25µm thickness and the
other side of the tape is connected to a couple of tethers (Kevler
supercode S-20, Hamilon) via a clasp as shown in Fig. 2. The bot-
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Fig. 2 Corner stiffened by polyimide tape.
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Fig. 6 Measurement positions of membrane model

kapton Tape

corners and T 2 at the top corner. In this paper, the results shown is
set as T 1 =9.8N and T 2 =1.96N, where the load ratio of horizontal
and vertical directions is T 1 /T 2 = 5.0. Photo of wrinkles formed in
the membrane on the experimental frame is shown in Fig. 5.
The wrinkle formed in the membrane is measured by a laser
displacement sensor (LK-G80, Keyence: 0.2µm of resolution limit)
attached on X-Z stage system that composed of two linear actuators. Limo EZSM3E060MK, Oriental motor as vertical direction
and Limo EZSM4E050MK, Oriental motor as horizontal direction.
Using this stage system, the laser displacement sensor is possible to
scan whole membrane area with 0.01mm of positioning accuracy,
where the vertical tilt accuracy of the membrane and the X-Z stage
system is adjusted to less than 0.1mm/m.
The out-of-plane deflection in the whole membrane area is measured in every 0.2mm by a laser displacement sensor along to the
vertical lines. In this study, 25 measurement positions with 23.6mm
distance each are selected as shown in Fig. 6. In addition, the deflection is measured along to the horizontal direction close to the
top and bottom corners in order to investigate the small wrinkles
formed close to the top and the bottom corners. The moving speed
of the laser displacement sensor is set as slow as 10mm/sec in order to avoid the negative influence of air turbulence induced by the
movement.
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Fig. 4 Tension load applied at three corners.
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3.1

Wrinkling Analysis

Geometrically nonlinear analysis
Wrinkling phenomena are due to bifurcation and are intensely
affected by small bending stiffness. Therefore, a geometrically nonlinear analysis based on the bifurcation theory is required for a detail investigation.
In this study, the wrinkling analysis is performed by using a
nonlinear FEM code, FEAP (Finite Element Analysis Program) 13)
with mixed interpolation of tensorial component (MITC) shell element 14). MITC shell element is known as a locking free element
and has a capability related to distortion of shell elements associated with finite deformation in nonlinear analysis. In the formulation, a finite rotation increment of directors is considered in evaluating the tangent stiffness matrices to improve the numerical stability
and accuracy 6, 15–17).
Introducing suitable initial imperfections in the out-of-plane direction, the post-buckling analysis is performed without any complicated perfect bifurcation analysis. For detail investigations, the

Fig. 5 Wrinkled membrane on experimental frame.
tom corner C is fixed on the frame through tethers as shown in
Fig. 3 and the tension force is applied at the other three corners by
weights connecting to the other side of tethers through pulleys as
shown in Fig. 4. The applied weight is T 1 at the both horizontal
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Fig. 7 Wrinkle analysis flow, f = p(U)

Fig. 9 Wrinkle distribution obtained by experiment

T2

discretized in 40×30 elements where the nodal position is arranged
densely to the corner to avoid the element squashed.
As boundary conditions, nodes to the bottom corner C are fixed,
the tensional load T 1 and T 2 are applied at the nodes to the horizontal corners B and D, and the top corner A as distributed force,
respectively.
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Comparison of Experimental and Analytical Results
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4.1

Comparison of wrinkle distributions on membrane
Wrinkle distribution result obtained by the experiment is shown
in Fig. 9. Primal wrinkle with the largest amplitude is observed
along the horizontal direction connecting between the left and right
corners and several wrinkles with smaller amplitude are observed
on both sides of the primal wrinkle around the left and the right
corners. Also, smaller wrinkles appears around the top and bottom
corners. This kinds of wrinkle distribution were reported in many
papers 6, 18, 19).
In addition, along the boundary edges, larger out-of-plane deflections are observed. Such a curling of the edges is considered to
naturally occur because there is no loading normal to the free edges
of the membrane. Here, effect of residual deformation in preparation of the membrane specimen is considered to be negligible.
When the 400mm-square specimen is cut out from the rolled product with 500mm width, the cutting force is very small such that an
underlaid paper template has no scarring.
Next, the symmetric property of the experimental result is illustrated in Fig. 10. In these figures, the deflection modes of the
representative symmetrical positions shown in Fig. 11 are compared, where location in horizontal axes measures in vertical direction from the top corner, A. That is, 282.8mm from the top that
indicates as the thin line in each graph correspond to the horizontal
diagonal, BD.
It is found that the deflections of the left and the right sides are
almost identical with each other. On the other hand, the wrinkle
numbers of the upper and the lower positions closed to the corners
are slightly different from each other. This is considered to result
from the different boundary condition that the tensional load is applied at the top corner but the bottom corner is fixed.
Then, the wrinkle distribution obtained from the analytical result is illustrated in Fig. 12. Similar to the experimental result, pri-
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Fig. 8 FEM model of square membrane
imperfection would prefer to obtain from the experimental condition. However, it is impossible to measure the imperfection in
this experimental system, because the experimental system could
not keep the membrane stable without applying the tension force.
Therefore, pseudo initial imperfections are introduced at all nodal
points with applying normal random numbers. The magnitude of
the imperfection is set to 0.1 of the membrane thickness to avoid
an ill effect of the imperfection on the wrinkling analysis, that was
determined from previous studies5, 6, 16),
In the geometrical nonlinear analysis, Newton-Raphson method
with a line-search is adopted to update the tangent stiffness matrices. Flowchart of the wrinkling analysis is illustrated in Fig. 7.
3.2 FEM model
In modeling the experimental condition where each corner is
stiffened by polyimide tape with 30mm wide and 25µm thickness
on both sides as shown in Figs. 3 and 4, the stiffened region of
each corner is cut out. As shown in Fig. 8, the membrane model
of an octagonal shape is discretized using four-node MITC shell
elements. The number of elements is 8000 and that of nodes is
8241. A central square connecting middle-point of each edge is
discretized in 40×40 square elements and the corner trapezoids are
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Fig. 12 Wrinkle distribution obtained by FEM analysis

Vertical disp. (mm)

(b) left 2 and right 2
4
left3
right3

2
0
-2

1.0

0

100

200
300
400
Location (mm)

500

0.55
0.11

(c) left 3 and right 3

-0.33

Vertical disp. (mm)

4

-0.78

upper
lower

2

-1.22
-1.67
-2.11

0

-2.56

-2

0

100

200
300 400
Location (mm)

-3.0

500

Fig. 13 Minor principal stress distribution

(d) lower and upper
ferent from that of the experimental results. The deflection around
edge also results from no loading normal to the free edges of the
membrane. That is found from the minor stress distribution as
shown in Fig. 13, where compression state (σ2 < 0) appears along
the horizontal diagonal and around both the top and the bottom corners, but along the edge, the minor principal stress is almost equal
to zero.
However, the difference of the edge deformation depends on
the initial shape given randomly that might be different from the
experimental condition. As discussed later, the difference has an
influence on the wrinkle distribution closed to the corners, more
detail modeling is required in focusing on the edge wrinkles.
Next, a detail comparison between the experiment and the analysis is described. The deflection modes along the line segments
shown in Fig. 11 are compared in Fig. 14. In the figures, the experimental and the analytical results are shown in blue and red curves,
respectively. A good agreement is found for the primary wrinkle
shape connecting the horizontal corners B and D in each crosssection as shown in Fig. 14. However, the analytical results have
slightly larger amplitude and the wavelength than the experimental
results. In addition, difference of the maximum deflection around
the center is larger at the negative side as compared in Table 2.

Fig. 10 Wrinkle distribution along line segments
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Fig. 11 Position of investigated line segments
mal wrinkle with the largest amplitude is observed along the horizontal direction connecting between the left and right corners and
several wrinkles with smaller amplitude are observed on both sides
of the primal wrinkle around the left and the right corners.
On the other hand, deflection mode appears on the edges is dif-
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Table 2 Comparison of maximum displacement at center-line
Experiment FEM analysis
Positive side
1.853
1.706
-2.019
Negative side
-2.645
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Fig. 15 Comparison of wrinkle distribution around top and bottom
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Comparison of boundary edge deflections
Again, consider the large deflection around the edge. Effect of
the deflections around the edge is negligible on the large horizontal
wrinkles, but is dominant for small wrinkles around the corners as
shown in Fig. 14(d).
If the deflection were mainly due to the core set, deflections
around the edge would be different from adjacent edges that correspond to the rolling and the perpendicular directions, i.e., edges
AB and BC . However, as shown in Fig. 10(a)∼(c), deflections of
the top adjacent edges, AB and AD that corresponding to the left
end of the deflection curve are almost identical and deflections of
the bottom adjacent edges, BC and BD that to the right end of the
curve are also almost identical. That is, the large deflection around
the edge is not considered to depend on core set. Rather, the deflection is considered to result from a kind of stable condition from
an initial condition or gravity effect. More investigation is required
for the edge deflection.
From the analytical results as Figs. 12 and 14, deflections around
the edges due to slack condition is also found. However, the deflection mode is much different from the experimental result. Particularly, the singular deflection appears around the middle point of
each edge as shown in Fig. 12.
It is considered that the FEM mesh has some singularity around
the point. Then, wrinkling analysis using the other mesh as shown
in Fig. 16, where the element discretization around the middle point
is modified is performed. The obtained wrinkling distribution is illustrated in Fig. 17. The difference from the previous result is negligible. Considering the effect of the initial imperfection or more
detail investigation should be required.
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Fig. 14 Comparison of wrinkle distributions along line segments
For the smaller wrinkles appears the both sides of the primary
wrinkle closed to the horizontal corners, the wave number is almost
identical between the experimental and analytical results as shown
in Fig. 14(c), (d). However, the wrinkle mode shapes do not agree
with each other. This is considered to result from difference of the
large deflections around the edges. Fig. 15 compares the deflection
mode between the experiment and the analysis closed to the upper
and the lower corner, where the deflection curve is obtained by cutting in horizontal direction. It is found that the difference of the
edge deflection causes a negative effect on the disagreement of the
wrinkle distribution.
Except for the ill effect of the deflection around the edge, the
analytical result is said to be a good agreement with the experimental result.
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Concluding Remarks

This study compares the wrinkle measurement experiment and
the wrinkling analysis for the square membrane under tension load
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Fig. 17 Wrinkle distribution for modified mesh
11)

in detail. On the experiment, wrinkles are measured by using the
laser displacement sensor on X-Z stage, where the square membrane is set on upright position. The wrinkling analysis is performed by using a nonlinear FEM with MITC shell element.
Comparing the out-of-plane deflection distribution on the whole
membrane area and the detail distribution on the specified line segments, a good agreement is obtained for the primal wrinkles between the experimental and the analytical results.
However, the accuracy is deteriorated due to deflection around
the edges. Main factor of the deflection is considered as free deflection with no loadings, neither the residual deflection in unrolling or
that in cutting. More detail investigations are required for the future.
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