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Spectrum Evaluation Method for Wrinkled Membranes
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A spectrum evaluation method using the two-dimensional fast Fourier transform is proposed for assessing overall
behavior of wrinkled membranes. This method was carried out for a square wrinkled membrane. Wrinkling
phenomena of the square membrane, held fixed at three corners and subjected to in-plane shear force at the
remaining corner, are investigated. The effects of a varied structural scale, which is related to the ratio of membrane
area to membrane thickness, and gravity field on the wrinkled membranes are shown using the proposed spectrum
evaluation method. Analysis by this method has been verified by comparing the results of the spectrum evaluation
method to that of the traditional methods, which uses cross-sectional deformations and deformation modes for
assessing the behavior of the membranes including both wrinkled and slack regions.

Introduction

ITH the need to develop increasingly more efficient and

lighter mechanical and structural systems for gossamer
spacecraft, many researchers have for decades been experimenting
with various types of polymer membranes and working to simulate
their behavior. Such membranes have been implemented in the de-
signs of parachutes, high-altitude balloons, inflatable structures (i.e.,
habitation modules, antennas, and synthetic aperture rader (SAR),
solar sails, and sunshields.!~* One particular area where the use of
these membranes can be helpful is for increasing the efficiency of
solar cells. Solar-cell efficiency could be increased beyond inherent
capacity by optimizing incident radiation intensity. This would be
done mechanically by precisely controlling a thin-film reflector or
membrane, the surface beneath which is a substrate covered with
solar cells. The degree to which solar-cell power output efficiency
can be increased by this concept depends upon the ability to predict
and assess wrinkling behavior of membranes as a result of prede-
fined or induced loading conditions, hence allowing support to be
optimized for designed surface configuration. Likewise, quantified
predictions and evaluations of membrane wrinkling behavior can
be used to optimize the surface configuration of other membrane
structures.

Historically, many researchers have analyzed membrane wrin-
kling behavior using tension field theory.>~!> However, because
membranes are treated by this theory to be special structures with
negligible bending stiffness membrane wrinkling behavior caused
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by complex bifurcation must be quantified on the basis of a different
theory. Tension field theory is, therefore, suitable only for qualitative
evaluations of wrinkling phenomena.

For this reason, wrinkling analyses based on imperfect bifurcation
including the geometrically nonlinear characteristics of wrinkles are
receiving increased attention.'3~!° In an imperfect bifurcation study,
wrinkle amplitude and wavelength as well as the orientation angles
of wrinkle and wrinkled regions can be clarified. However, the cur-
rent literature lacks documentation of an accepted evaluation method
for easily and quantitatively assessing overall membrane behavior
including both wrinkled and slack regions (specifically wavelength
and orientation angle). In view of the increasing numbers of gos-
samer space structures incorporating membranes currently under
design, it is important to create an evaluation method for precisely
quantifying overall membrane behavior including both wrinkled and
slack regions.

This paper documents a spectrum evaluation method using two-
dimensional fast Fourier transform (FFT) for assessing the over-
all behavior of wrinkled membranes. The investigation of a square
wrinkled membrane, held fixed at three corners and subjected to in-
plane shear at the remaining one corner, is reported herein. For simu-
lating the surface shape of the square wrinkled membrane, a geomet-
rically nonlinear finite element analysis was carried out using mixed
interpolation of tensorial components (MITC) shell elements.'*2* A
spectrum analysis of the square wrinkled membrane revealed the ef-
fects of a varied structural scale (scale modeling), which was related
to the ratio of membrane area to membrane thickness, and gravity
field. Analysis by this method has been verified by comparing the
results of the spectrum evaluation method to that of the traditional
methods, which uses cross-sectional deformations and deformation
modes for assessing the behavior of the membranes including both
wrinkled and slack regions.

Numerical Analysis

Analytical Model

Figure 1 shows the membrane model treated in this paper.
Wrinkling phenomena of a square membrane, held fixed at three
corners and subjected to in-plane shear at the remaining corner, were
investigated, and Table 1 shows parameters of the square membrane
models studied. The size of the square membrane was 0.2 x 0.2 m.
Varied values of membrane thickness (50, 80, 125, 150, 175, 300,
500, and 1000 pwm) were considered for studying the effect of struc-
tural scale (L /1), scale modeling, on wrinkling behavior. The square
membrane was made of polyimid film (Kapton H-Type). Although



IWASA, JACOBSON, AND NATORI 195

Table1 Membrane parameters

Parameter Value

Material
Size, m?
Thickness, um

Kapton (H-type)
0.2 x 0.2
50, 80, 125, 150, 175, 300, 500, 1000

Table 2 Mechanical properties of Kapton

Property Value

Young’s modulus E, MPa 2959.6

Poisson’s ratio v 0.34

Density p, kg/m? 1420

Yield point (5% offset), MPa 123.48
Membrane

(Kapton H — type)

0.2m o] Disp. 6z
Fig. 1 Membrane model.

Kapton (H-Type) is not readily available in thickness greater than
175 pm, it was nevertheless included in this analytical study in or-
der to thoroughly characterize wrinkling behavior of the illustrated
square membrane. Characteristics of the Kapton material were as-
sumed to be linearly elastic, and Table 2 gives a list of the mechanical
properties of Kapton H-type made from Du Pont-Toray Co., Ltd.

Finite Element Analysis

A geometrically nonlinear finite element analysis was carried out
to simulate wrinkling behavior of the square membrane. The el-
ement type used throughout this analysis was a four-node MITC
shell element.”” The number of finite elements used was 10,000.
The computational tool used to perform all simulations was the
Finite Element Analysis Program: Personal Version (FEAPpv).”!
FEAPpv allows for expansion of the fundamental element library
with user-defined functions. The exclusively used four-node MITC
shell element employed in this study was added to the FEAPpv li-
brary by the authors. In the formation of this element, to improve the
accuracy of numerical results, a finite rotation increment of directors
was considered in the calculation of the tangent stiffness matrices.?

In the case of a geometrically nonlinear analysis using shell el-
ements for wrinkling phenomena, numerical results were intensely
affected by mesh aspect ratio, step ratio of numerical analysis, and
shape functions of the shell element. Therefore, we investigated
these effects on wrinkling analysis focusing on the deformation
modes of the wrinkled membranes'® and confirmed the validity of
the numerical results of the finite element (FE) analysis using MITC
shell elements.'®~!® The number of finite elements (10,000) used in
this study was determined based on an optimization of the aspect ra-
tio for individual elements and for best performance of the four-node
MITC shell element, which were given by the previous studies.'’
The effects of the shape function of shell elements, which are those
of four- and nine-node MITC shell elements, on wrinkling analysis
were inconsequential.'

Table 3 Numerical parameters used in the analysis

Parameter Value

Small displacement §x, mm 1.0
Gravity force G ¢ 0or pL’tg
Initial imperfection (NRN), um 40.01- membrane thickness

The simulations performed treated imperfect bifurcation phe-
nomena by distributing initial imperfections, node-wise, within the
square membrane. The magnitude of initial imperfections was taken
from a randomly generated normal-random-number (NRN) distri-
bution, and applied in the out-of-plane direction. Values of initial
imperfections were set to be within £1% of membrane thickness.
It was previously confirmed by the authors that the solution con-
vergence and the stress field distribution were significantly affected
when the order of magnitude of the initial imperfection was in-
creased over this value.'®

The in-plane shear force applied at one corner of the square mem-
brane was given as a small displacement §,, applied in the x direc-
tion, as shown in Fig. 1. The value of the displacement 6x was held
constant at 1 mm and was determined based on linear elastic behav-
ior of the membrane material. A 1.0-mm displacement was chosen
to ensure that no part of the membrane became distorted beyond its
capacity to respond elastically.

The gravity force G ; was assumed to act perpendicularly to the
plane of the square membrane. For investigating the effects of a
gravity field on the wrinkled membrane, this paper simulated wrin-
kling behavior both with and without the gravity effect. Table 3 lists
the parameters used in this study.

Analysis Cases

Table 4 describes and illustrates the analysis cases investigated
in this study. Each case was considered for all values of membrane
thickness listed in Table 1.

For the “self-weight” case, static effects of a (1-g) gravity field
on the square membrane held fixed (five DOF) at all four corners
were simulated. Here, the MITC shell element used in this study
does not consider the drilling rotation of each node. In the “gravity”
case, wrinkling phenomena including the gravity effect were sim-
ulated. This case was implemented as the latter part of a two-step
geometrically nonlinear solution sequence that commenced with
the “self-weight” case already described. The “no gravity—-NRN”
case does not include the (1-g) gravity effect. Finally, in the “no
gravity—sag shape” case the initial condition was provided by the
displacements obtained for each thickness simulated in the prior
“self-weight” case; the gravity force was removed prior to this set
of simulations so that only the displacement field caused by sag was
used as the initial condition for this case.

Spectrum Evaluation Method

A spectrum evaluation method using the two-dimensional FFT
was considered in order to assess overall behavior of wrinkled
membranes. Amplitude, wavelength, and orientation angle of the
wrinkled and slack regions within the square membrane were
investigated.

The one-dimensional FFT has typically been used to deter-
mine the predominant frequency components of complicated wave
patterns in the time domain. In the case of the two-dimensional FFT,
the orientation angle of waves and their frequency can be quanti-
tatively determined. Figure 2 indicates the sine wave whose spatial
frequency in the x and y direction is 10 (1/m), respectively. There-
fore, the spatial frequency of this sine wave is 14.14 (1/m) along the
direction of 45 deg regarding the x axis. The wavelength of the sine
wave is 0.071 m, as it is given by the inverse of the spatial frequency.

The result of the spectrum analysis using two-dimensional FFT
for this sine wave is shown in Fig. 3. In this figure, the x and y axis
indicate the spatial frequency component, and the z axis indicates
the power spectral density. Only the positive domain in the y direc-
tion was depicted as a result of the symmetry of the results. From
this figure, it is shown that the predominant power spectral density
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Table 4 Analysis cases

Cases Applied load

Initial condition

Boundary condition Tlustration

Self-weight Gravity force

Imperfection in flatness
caused by random
distribution of distortion

!

Gy

Five DOF? constrained
at all four corners Z axis

y axis

Gravity Displacement Restart of self-weight Five DOF* constrained
(6x =1.0 mm) case at three corners; four
DOF constrained at one
corner of the applied load
No gravity—-NRN Displacement Imperfection in flatness Five DOF? constrained
(8x =1.0 mm) caused by random at three corners; four DOF
distribution of distortion constrained at one corner
of the applied load axis
No gravity—sag shape Displacement Sag shape caused by Five DOF* constrained
(6x =1.0 mm) self-weight analysis at three corners; four DOF
constrained at one corner
of the applied load
“Five-degree-of-freedom (DOF): MITC shell element used does not consider drilling rotation.
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Fig. 2 Sine wave.
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Fig. 3 Result of the spectrum analysis.

appeared at (10, 10) in two-dimensional spatial frequency domain.
The spatial frequency of the power spectral density in this figure is
given by radial distance from the origin, namely,

f=\r2+ 1} (1)

where f, and f, coincide with the spatial frequency in the x and y
directions. Therefore, fi9 10 = 14.14 [1/m]. Orientation angle 6 of
the power spectral density is given by

0 =tan"' (f,/f) 2

The orientation angle of the power spectral density is 09,10 =45 deg
with respect to the x axis. Therefore, this figure reveals both spatial
frequency and orientation angle of the sine wave shown in Fig. 2.
Figure 4 indicates the result of the spectrum analysis focusing on
the wavelength components. The wavelength is given by the inverse

Wavelength [m]
Fig. 4 Wavelength component.
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0 225 45 675 90 1125 135 157.5 180
Orientation Angle [degree]

Fig. 5 Orientation angle component.

of the spatial frequency. The power spectral density shown in this
figure indicates the sum of all power spectral densities located at a
constant radial distance in Fig. 3 and were given on a logarithmic
scale. In this case, because the spatial frequency of the sine wave is
14.14 [1/m] this figure shows that the wavelength component of the
predominant power spectral density is 0.071 m. It is believed that
lesser values of power spectral densities correspond to numerical
errors appearing in the spectrum analysis because they are three
orders (1000 times) lower than the predominant one.

Figure 5 indicates the result of the spectrum analysis focusing on
orientation angle components. The power spectral densities shown
in this figure indicate the sum of all power spectral densities located
at constant orientations in Fig. 3 and were given on a logarithmic
scale. Because the orientation angle of the sine wave is 45 deg off
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from the x axis, this figure shows that the orientation angle of the pre-
dominant power spectral density is 45 deg. It is believed that lesser
spectral densities in this figure correspond to those numerical errors
on the wavelength components (refer to Fig. 4), as already described.

The power-spectral-density levels given by the spectrum analysis
using two-dimensional FFT include two components indicating the
prominence of discrete wavelength and orientation angles. These
levels reveal relationships between 1) amplitude and wavelength
and 2) amplitude and orientation angles because the power spectral
density given by the spectrum analysis is related to the amplitude
of the wave. Therefore, when the spectrum analysis is employed to
evaluate the state of a membrane surface, it is believed that the wave-
length (or spatial frequency) and orientation angle of the wave that
predominates for the surface feature of the wrinkled membranes can
be easily obtained. This is in contrast to conventional studies,'>!*
which used an arbitrary cross-sectional deformation mode or the
“bird’s-eye” view of the wrinkled membrane for the evaluation and
characterization of wrinkling phenomena. In the conventional stud-
ies, it is difficult to assess both wavelength and orientation angle of
the predominant wave constituting the surface feature of the wrin-
kled membrane, both easily and quantitatively. The spectrum evalu-
ation method discussed herein offers a new method for clarifying the
wavelength and orientation angle components of waves that predom-
inate surface features of wrinkled membranes. Here, the orientation
angle given by spectrum analysis using two-dimensional FFT indi-
cates the direction of the wave propagation. Therefore, orientation
angles of wrinkles resulting from this method are about 90 deg out
of alignment from conventional orientations given by the direction
of major principle stresses.

The spectrum evaluation method for assessing wrinkling behav-
ior must be applied with care because the accuracy of the method
is sensitive to the sampling number, which in this analysis corre-
sponded to discretization along each axis. For the two-dimensional
FFT, the total sampling number along each axis is assumed to be
2%(a: integer). Therefore, there was a discrepancy between the sam-
pling number (2%) and the true resolution of the analytical model,
which was given by the number of nodes along any edge of the mesh
(101 for the models shown Fig. 1). The sampling points associated
with this discrepancy were set to zero in the spectrum analysis. As a
result, this discrepancy affected the accuracy of the spectrum eval-
uation method because it altered slightly the surface feature of the
membrane in the spectrum analysis.

Figure 6 indicates the result of the spectrum analysis for the sine
wave shown in Fig. 2. In this spectrum analysis, the number of nodes
along each axis of the sine wave was set to 101. Therefore, the to-
tal sampling number (2%) used in the spectrum analysis was 128
(o =7). Given this value, sampling points in the range of 102 to 128
were set to zero. The ratio of the number of zeros (27) to the total
sampling number (128) gave 21% discrepancy. Compared with the
result shown in Fig. 3, which was given by the spectrum analysis
whose number of nodes along each axis was set to 128, the predom-
inant power spectral density in Fig. 6 was unclear. This effect also
appeared in the results focusing on the wavelength and orientation
angle shown in Figs. 7 and 8. Therefore, the sampling number should
be chosen to be as close to the analytical resolution as possible.

The simplest method for eliminating this discrepancy is to choose
a nodal density that corresponds to the sampling number (2*) used
in the spectrum analysis. However, in actual situations it is often
difficult to determine the specific mesh density because of some
analytical or experimental constraints, which are related to the se-
lection of the suitable mesh aspect ratio, computational cost in FE
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Fig. 6 Result of the spectrum analysis.
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Fig. 9 Virtual membrane.

analysis, measurement method, and cost in experiment. In this pa-
per, an arbitrary sampling number (101) was given in order to show
how the solution is affected in the general case where mesh density
differs from 2*.

A method employed to both reduce the discrepancy and increase
the resolution of the FFT was to create a virtual membrane surface.
This virtual membrane, shown in Fig. 9, was constituted by creating
a sequence of repeated membranes, each identical to the original.
When the number of nodes along any edge of the original mem-
brane is equal to 2%, the virtual membrane corresponds to a part of
an infinitely repeated membrane. In the spectrum analysis for the vir-
tual membrane, discontinuities appear at the boundaries of repeated
membranes, and effect the accuracy of the spectrum analysis just as
the spectrum analysis for the original membrane. A general method
that can be employed to reduce the effects of discontinuities in the
spectrum analysis is to use a window function such as a Hanning
window. However, the spectrum analysis performed in this study
did not use any window function because the virtual membrane
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Fig. 10 Result of the spectrum analysis.
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including discontinuities was constructed before conducting the
spectrum analysis. Therefore, all results given by the spectrum anal-
ysis in this paper include the effects of the discontinuities, although
the effects of the discrepancy related to the sampling number just
stated were improved.

The number of repeated membranes N used in the virtual mem-
brane allows the total sampling number (2%) used in the spectrum
analysis to be increased. Careful choice of N enables a closer match
between number of total FE mesh points and 2*. However, compu-
tational cost of the spectrum analysis limits the maximum value of
N that is of practical use. In this work, the number of repeated mem-
branes was set to N = 10, leading to a virtual membrane containing
1010 nodes per side. For the integral value of o, the next largest
sampling number 2% used in the spectrum analysis was 2'° = 1024.
In this case, the ratio of the number of zeros (14) to the total sam-
pling number (1024) gave just 1.4% discrepancy. Figures 10-12
indicate the results of the spectrum analysis for the virtual mem-
brane (N =10) and the sine wave introduced earlier. Compared
with Figs. 6-8, Figs. 10-12 show that the predominant power spec-
tral densities were clearer, and accuracy of the spectrum evaluation
method was improved by introducing the virtual membrane.

Another advantage of using the virtual membrane method is that
higher N enables improved spatial frequency resolution. The fun-
damental spatial frequency f. of the spectrum analysis using the
virtual membrane is

fe=1/(NL) (3)

whereas that using only the original membrane (N =1) is

fe=1/L C)

This shows how the spatial frequency increment in the spectrum
analysis becomes smaller when the virtual membrane is used and
N is increased. Therefore, using the virtual membrane in the spec-
trum analysis permitted more detailed evaluation of the wavelength
components (inverse of the spatial frequency) for the wrinkled
membrane.

However, when the membrane size is large it is difficult to per-
form the spectrum evaluation method using the virtual membrane
for assessing membrane surface feature. This is because the virtual
membrane increases the computational cost of the spectrum analy-
sis as stated before. In this work, introducing the virtual membrane
was used as the method for improving effects of the discrepancy
related to sampling number in the spectrum analysis. Other suit-
able nonvirtual membrane methods for the spectrum analysis are
considered for future works.

Results and Discussion

Spectrum Analysis

Overall behavior of the square wrinkled membrane is discussed in
the context of results obtained from spectrum analyses presented in
the preceding section. All figures listed in this subsection represent
simulation results for a membrane with thickness equal to 50 um
(L/t =4000) based on the gravity case.

Figure 13 shows a bird’s-eye view of the initial state of the simu-
lations, which corresponds to a membrane deformed under its own
weight (self-weight case). The result of the spectrum analysis per-
formed using two-dimensional FFT for this deformed membrane
is shown in Fig. 14. The power spectral density corresponded to
N =10 (a 10 x 10 virtual membrane) and was shown on a linear
scale protruding from the spatial frequency domain. This figure
shows that the predominant power spectral densities appeared at
(4.88, 0) and (0, 4.88) in the spatial frequency domain. Because the
inverse of the edge length of the square membrane is 5.00 [1/m],
it is believed that these two spatial frequencies appeared caused by
the sequentially repeated deformed membranes. The difference be-
tween 4.88 [1/m] and 5.0 [1/m] was related to the discrepancy of the
sampling number (1.4%) in the spectrum analysis. Figures 15 and 16
indicate the power spectral densities focusing on the wavelength and
orientation angle components, respectively. From these figures, the
predominant power spectral densities appeared at 0.205 m for the
wavelength component and at 0 and 90 deg for the orientation angle
component. These values corresponded to the predominant power
spectral densities shown in Fig. 14. Because the sagging geometry
of the deformed membrane shown in Fig. 13 was symmetric, the re-
sults of the two-dimensional FFT focusing on the orientation angle
(refer to Fig. 16) is also symmetric.

l Gravity

out-of-plane
deflection [mm]

0.20
0.15

0.10
0.05 Y-location [m]

0.10
x-location [m] 0.15

Fig. 13 Deformed membrane (L/t =4000).

1:0 . “10 y-spatial frequency [1/m]
20 .
x-spatial frequency [1/m] 30

Fig. 14 Result of the spectrum analysis (L/t =4000).
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Fig. 17 Wrinkled membrane (L/t =4000).
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Fig. 18 Membrane midsection (y=0.10 m, L/t =4000).

Figure 17 shows a bird’s-eye view of the wrinkled membrane
obtained from a FE solution. From this figure, it is clear that major
wrinkling was predicted in the —45-deg direction (with respect to the
x axis). In addition, two slack regions were predicted to form on both
sides of the major wrinkle. This figure shows that the wrinkled region
appears to have a short wavelength, whereas the slack regions have
long wavelengths. The cross-sectional deformation of the wrinkled
membrane (y =0.10 m) is shown in Fig. 18. From this figure, the
wavelength of the major wrinkle in the x direction was 0.078 m
(from x =0.044 to 0.122 m). Therefore, it is considered that the
wavelength in the direction of 45 deg with regards to x axis was
0.055 m, and it corresponded to the maximum wavelength of the
major wrinkle (refer to Fig. 17).

The result of a spectrum analysis performed using two-
dimensional FFT for this wrinkled membrane is shown in Fig. 19.
The maximum frequency treated in these analyses was set to 40.
This corresponds to realistic values for minimal wavelength (or
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Fig. 19 Result of the spectrum analysis (L/t = 4000).
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maximum spatial frequency) components in the wrinkled and slack
regions of physical membranes. Figure 19 shows both the spatial
frequency and orientation angle of the wrinkled and slack regions
in the membrane. The remarkable power spectral densities appear-
ing in this figure were located at the spatial frequency, 4.88 [1/m],
interval in both the x and y directions. This interval was determined
by the edge length L of the membrane as stated before. Therefore, it
turned out that a virtual membrane surface feature was approximated
by the waves whose spatial frequency was based on 4.88 [1/m].
The maximum power spectral density was located at (4.88, 4.88)
in the spatial frequency domain; this value corresponds to the most
prominent virtual membrane surface feature. From this figure, the
spatial frequency of the predominant power spectral density was
f188.4.88 =6.901 [1/m]. Because the wavelength is given by the in-
verse of the spatial frequency, the wavelength of the predominant
power spectral density was A = 0.145 m. The orientation angle was
04834338 =45 deg with respect to the x axis, which can correspond
to the major wrinkle feature visible in Fig. 17. In the virtual mem-
brane, the major wrinkle was repeated at the spatial frequency of
6.901 [1/m] (A =0.145 m) interval along the direction of 45 deg
regarding to the x axis.

Figure 20 shows the result of the spectrum analysis focusing on
the wavelength component. As power spectral density is propor-
tional to the displacement amplitude on the membrane surface, this
figure shows that the wavelength components that predominated for
the virtual membrane were A =0.145 and 0.205 m. These power
spectral densities include the effects of both wrinkled and slack re-
gions, when the wave constituting these region have the same wave-
length components. However, it is believed that the power spectral
density appearing at > =0.145 m was dominated by the effect of
the major wrinkling as just stated, in addition to the other slack
regions that were caused by the initial sagging geometry (refer to
Fig. 15). In this figure, the power spectral density at the major wrin-
kling wavelength (0.055 m), which was shown in Fig. 19, did not
appear prominently. This is because the amplitude of waves hav-
ing the wavelength component (0.055 m) was less than that having
other wavelength component, when overall virtual membrane sur-
face features were evaluated. For example, a maximum amplitude
of the wrinkled membrane appeared in the slack regions, not at the
major wrinkle. The significance of this figure is to clarify the wave-
length component of waves that were prominent for the complicated
surface feature of our virtual wrinkled membrane.

Figure 21 shows the result of the spectrum analysis focusing on
the orientation angle. This figure shows that the predominant orien-
tation angles for wrinkled and slack regions were calculated (by FE
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Fig. 23 Wrinkled membrane (L/t=2500, gravity case).

analysis) to be 0, 45, 90, and 135 deg. It is believed that the peak
spectrum analysis values obtained at 0 and 90 deg were caused by
the initial sagging geometry (refer to Fig. 16). The elevated power
spectral densities concentrated in the vicinity of 45 and 135 deg
were attributed to the formation of the major wrinkle, induced by
the 1-mm corner displacement simulated in the FE analysis. These
results for the wavelength and orientation angle also showed that
the behavior of the slack regions was as large as that of the wrin-
kled regions. This means that the studying on the behavior of the
slack regions as well as that of the wrinkled regions is significant
for gossamer spacecraft whose performance depends on membrane
surface features.

In summary, this section verified applicability of the spectrum
evaluation method using two-dimensional FFT for assessing overall
membrane behavior including both wrinkled and slack regions.

Effects of Structural Scale (Scale Modeling) on Wrinkled Membrane

In this section, the effect of thickness vs wrinkling behavior is dis-
cussed using FE results from both the self-weight and gravity cases.
Figure 22 shows the bird’s-eye view of a membrane (L /¢ = 2500)
deformed under its own weight (self-weight case), and Fig. 23 shows
a wrinkled membrane (L /¢ = 2500) from the same orientation, ob-
tained by adding a 1-mm corner displacement to the preceding case
(gravity case).

Figure 24 compares the results of both cases with respect to max-
imum displacement ratio. Here, maximum displacement ratio along
the ordinate axis is indicated by the ratio of maximum absolute
value of displacements amplitude wy,,x to membrane thickness ¢.
Structural scale given along the abscissa is a nondimensionalized
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Fig. 24 Maximum displacement ratio.
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ratio of edge length L to membrane thickness . This figure shows
that displacement ratio increased linearly with structural scale for
the self-weight case, whereas displacement ratio vs structural scale
for the gravity case became slightly nonlinear for abscissa values
that exceed 1500. This nonlinear phenomenon is related to the rela-
tionship between membrane thickness and bending stiffness and has
been studied from the viewpoint of strain energy by the authors.'8
Figure 25 shows deformation modes along the midsection,
y=0.10 m, of the square wrinkled membrane. From this figure,
it is clear that wavelength increased and amplitude decreased, as the
membrane structural scale was decreased. However, overall wrin-
kling behavior of membranes caused by the gravity cases cannot be
fully characterized using midsection analysis as only local behav-
ior is indicated. As a result, the just discussed spectrum evaluation
method for investigating overall behavior was again carried out.
Figures 26-28 show the power spectral densities focusing on the
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wavelength components. Comparative results of the power spec-
tral densities for smaller structural scale values (2500, 1600, and
400) relative to the maximum structural scale of 4000 are shown
Figs. 29-31 to understand clearly effects of the structural scale on
overall membrane behavior. In general, it can be seen from these fig-
ures that as structural scale decreased power spectral densities of the
longer wavelength components increased, while those correspond-
ing to shorter wavelength components were decreased. Additionally,
Figs. 29-31 show that the regions dominated by short-wavelength
components were extended as structural scale was decreased. These
results correspond to the physical wrinkling characteristics, in which
long-wavelength components are dominant in surface features of
a wrinkled membrane having low structural scale L/t (refer to
Fig. 25). Therefore, these results can also be used to describe local
behavior of deformation modes in Fig. 25.

Figures 32—-34 show the power spectrum densities focusing on the
orientation angle components, and Figs. 35-37 show comparative
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Fig. 39 Wrinkled membrane (L/t=4000, no gravity—sag shape).

results of the power spectral densities for smaller structural scale
values (2500, 1600, and 400) relative to the maximum structural
scale of 4000. These figures indicated that, when structural scale
became small, power spectral densities corresponding to orienta-
tion components in the range of 0-60 deg decreased dramatically.
The most predominantly affected regions fell within the range of
30-60 deg. However, in the range of 60-180 deg, power spectral
density only slightly increased, with no clear domination in any
particular range of angular orientations.

When considering both wavelength and orientation angle com-
ponents together, across the entire membrane surface the results
showed that power spectral densities with orientation components in
the range of 0-60 deg consisted predominantly of short-wavelength
components (as is shown in Figs. 29-31). Similarly, power spectral
densities with orientations in the range of 60-180 deg consisted pre-
dominantly of long-wavelength components. Assuming that short-
wavelength components correspond to wrinkled regions and long-
wavelength components correspond to slack regions, these results
indicate that the behavior of wrinkled regions is highly dependent
on structural scale. Because the wrinkling phenomena are kinds
of the bifurcation events, these results indicate that the wrinkling
characteristics are highly dependent on the membrane thickness.

In summary, this section indicated that the effects of structural
scale on overall behavior of wrinkled membranes can be assessed
by using the spectrum evaluation method.

Effects of Gravity Force

In this section, the gravity field effects on wrinkling behavior were
investigated by comparing the results of the gravity, no gravity—
NRN, and no gravity—sag shape FE simulations using the spectrum
evaluation method. Figures 38 and 39 show bird’s-eye views of
the wrinkled membranes computed using no gravity—-NRN and no

gravity—sag shape initial conditions, respectively. In the no gravity—
NRN case, the computed deformed shape depended on the shape
of the initial imperfection, and Fig. 38 shows one example of the
shapes deformed in the reverse direction with respect to the z axis.
Figure 39 shows an example of the deformed membrane contour
computed using the no gravity—sag shape initial conditions. The
distortion shown here is greater than that obtained using similar
initial condition (refer to Fig. 17).

Figure 40 shows the result with respect to a maximum displace-
ment (or, amplitude) ratio wp,y/t. It is clear from this figure that
when structural scale was greater than 1500 gravity force effects
appeared gradually and were more significant for the gravity case
than for the no gravity—-NRN case. Data points in this figure simply
corresponded to slack regions, although each point appeared in dif-
ferent locations of the slack regions. Therefore, from this figure it
turns out that gravity field effects on slack regions appear intensely
with increasing structural scale.

The comparative results from the gravity and no gravity—-NRN
cases with respect to wavelength components at structural scales
of 200, 1333, and 4000 were presented in Figs. 41-43. Results
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from Fig. 43 indicate that power-spectral-density levels of long-
wavelength components for the gravity case were greater than for
the no gravity—-NRN case with large structural scale. In contrast,
Figs. 40 and 41 show that effects of the gravity field on overall
membrane behavior did not appear for low structural scale.

To clarify these results, cross-sectional deformations of wrin-
kled membranes calculated from the FE analysis were investigated.
Figures 44-49 show comparative results with respect to deforma-
tion modes given by the gravity, no gravity—-NRN, and no gravity—
sag shape cases. These were deformation modes along the cross
sections, y =0.04, 0.10, and 0.16 m, of each wrinkled membrane
for structural scales of 200 and 4000. Figures 44—46 show that for
a structural scale of 200, the gravity and no gravity—NRN defor-
mation modes were symmetric. When the deformation modes are
symmetric, the same solutions are given by a spectrum analysis.
Therefore, it seems reasonable that for small values of structural
scale, the deformation modes given by gravity and no gravity—-NRN
cases should be nearly equivalent as shown in Fig. 41. However,
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the results given in Figs. 47-49 clearly indicated that deformation
modes, especially in slack regions, were no longer symmetric for
a structural scale of 4000. It is believed that this difference was
reflected within the results of the spectrum analyses presented in
Fig. 43.

Figures 44-49 also present deformation modes from the no
gravity—sag shape case. Clearly, the deformation modes from this
case were almost identical to those from the gravity case. Therefore,
it is believed that gravity field effects on the deformation modes are
caused by the initial deformation state of the membrane and are not
caused by the effects of an initial stress field caused by the applied
gravity force. This means that the effects of an initial stress field on
final membrane stresses in the vicinity of bifurcation points, as a
result of the (1-g) gravity effect, are practically negligible.

In addition, as can be seen from Figs. 47-49, deformation modes
from the three cases were either in agreement or symmetric within
wrinkled regions, but were not in agreement within slack regions. As
aresult, it is considered that effects of the gravity field on wrinkled
membranes are most significant in slack regions and increase with
increasing structural scale. This consideration can also be used to
justify maximum displacement ratio wp,y /¢, as a function of struc-
tural scale L /¢ shown in Fig. 40. Because rigid motion occurs in the
slack regions, it is believed that the slack regions are easily effected
by the applied forces such a gravity.

These considerations indicate that effects of the gravity field on
the wrinkled regions are small. As stated before, wrinkling behavior
isintensely affected by the membrane thickness, not a gravity. There-
fore, it is believed that ground experiments carried out on prototype
space structure hardware would accurately predict the behavior of
wrinkled (but not slack) region in space for geometry similar to that
of the virtual membrane presented herein.

Figures 50-52 compare results from the gravity and no gravity—
NRN cases with respect to orientation angles of each wrinkled
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membrane. From these figures, it is clear that the gravity field also
affected orientation angles as structural scale was increased. How-
ever, these deformation effects were not concentrated in any partic-
ular regions of the membrane. This tendency was different from the
effects of structural scale on wrinkled membranes shown earlier in
Figs. 35-37.

Finally, Fig. 53 shows overall strain energy stored in the mem-
branes for each analysis case. Differences between gravity, no
gravity—NRN, and no gravity—sag shape cases did not appear, which
indicates that effects of an applied gravity force on strain energy
were negligible. This is because the magnitude of strain energy
given by the self-weight case was three orders (1000 times) lower
than for wrinkled membranes simulated as in the other three cases
of Figs. 44-49. This result confirms a conclusion already stated,
which is that the effects of an initial stress field caused by gravity
on final deformation modes are small.

Conclusions

To clarify overall behavior of wrinkled membranes in detail, a
series of spectrum analyses using the two-dimensional fast Fourier
transform was carried out. This spectrum evaluation method as-
sessed effects of a varied structural scale (scale modeling), which is
related to the ratio of membrane edge length to membrane thickness
and gravity field on wrinkled membranes. The conclusions obtained
in this paper are summarized here:

1) The spectrum evaluation method is a good analysis tool for
quantitatively assessing overall behavior of membranes with respect
to both the wrinkled and slack regions.

2) When structural scale is greater than 1500, the relationship
between maximum displacement (amplitude) ratio and structural

scale is slightly nonlinear for each of the wrinkling analysis cases;
however, this same relationship for the self-weight analysis is linear.

3) The abundance of short- and long-wavelength components si-
multaneously decrease and increase, respectively, as structural scale
decreases, as is indicated by power-spectral-density levels. Also,
membrane regions dominated by short-wavelength components are
extended as structural scale decreases.

4) The most significant affects of structural scale on power spec-
tral density appear for orientation angles in the region of 0-60 deg
and are most concentrated in the regions of 30—-60 deg, as structural
scale increases. Power spectral densities for orientation components
in the range of 0—60 deg is most dominated by short-wavelength
components, which correlate to wrinkled, not slack regions.

5) Effects of the initial stress field as aresult of gravity on wrinkled
membranes are small, but the effects of initial deformation modes
on wrinkled membranes are large. As aresult, the effects of an initial
stress field on final stresses in the vicinity of bifurcation points, as
aresult of the (1-g) gravity effect, are essentially negligible.

6) The effects of structural scale on deformation modes for all
wrinkling analysis cases are most acute in wrinkled regions, whereas
the gravity field effects on deformation modes are most dominant
in slack regions. Based on this conclusion, it is believed that ground
experiments carried out on prototype gossamer space structure hard-
ware would accurately predict the behavior of wrinkled (but not
slack) regions in space for geometry similar to that of the virtual
membrane presented herein.
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