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Abstract: The large deflection phenomenon of an initially flat circular membrane under out-of-plane
gas pressure loading is usually involved in many technical applications, such as the pressure blister
or bulge tests, where a uniform in-plane stress is often present in the initially flat circular membrane
before deflection. However, there is still a lack of an effective closed-form solution for the large
deflection problem with initial uniform in-plane stress. In this study, the problem is formulated and is
solved analytically. The initial uniform in-plane stress is first modelled by stretching or compressing
an initially flat, stress-free circular membrane radially in the plane in which the initially flat circular
membrane is located, and based on this, the boundary conditions, under which the large deflection
problem of an initially flat circular membrane under in-plane radial stretching or compressing and
out-of-plane gas pressure loading can be solved, are determined. Therefore, the closed-form solution
presented in this paper can be applied to the case where the initially flat circular membrane may,
or may not, have a uniform in-plane stress before deflection, and the in-plane stress can be either
tensile or compressive. The numerical example conducted shows that the closed-form solution
presented has satisfactory convergence.

Keywords: circular membrane; initial stress; gas pressure loading; large deflection; closed-form

solution

1. Introduction

A thin elastic film is, in mechanics, called a “membrane” when used as a structure
or a structural component, because it usually has no resistance to bending and is usually
in a stress state of full tension. Elastic membrane structures, or structural components,
often exhibit large deflection phenomena when subjected to out-of-plane loads, giving
rise to the nonlinear equations that are usually difficult to be solved analytically. Among
them, the problem of axisymmetric deformation and deflection of an initially flat circular
membrane fixed at its perimeter (attached at its perimeter to a stiff ring) and subjected
to uniform out-of-plane loads has been widely concerned by scholars. This problem is
usually called circular membrane problem for short, and Hencky is the first scholar to deal
with this problem analytically [1]. Chien [2] and Alekseev [3], respectively, corrected a
mistake in the solution presented originally by Hencky. This solution is usually called
the well-known Hencky solution and is often cited in some related studies [4-10]. The
well-known Hencky solution has been modified several times to improve its computational
accuracy and adaptability, including modifying the out-of-plane equilibrium equation [11],
in-plane equilibrium equation [12], and geometric equations [13], as well as extending
the adaptability to the cases with a tensile or compressive pre-stress [14-16]. The ana-
lytical solutions are necessary in the field of mechanical properties characterization for
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freestanding thin films, or thin-film/substrate systems based on pressured bulge or blister
tests [8,14,15,17-22], and can provide these technical applications with a required analytical
relationship between loads and stress or deflection, or an analytical relationship between
radius and deflection of a blister that is gradually getting larger (which is usually difficult
to achieve by a numerical analysis). Therefore, the well-known Hencky solution, as well as
its modified solutions, are often used in this field to explain the results of bulge or blister
tests, by which the mechanical properties of freestanding thin films, or thin film/substrate
systems, can be characterized.

The well-known Hencky solution, as well as its modified solutions, are actually
suitable for uniform lateral loading, where the direction of the loads applied to the deflected
membrane is constant and is always perpendicular to the plane in which the membrane
before deflection is located. However, in bulge or blister tests, the bulging or blistering
thin film is loaded usually by gas pressure, where the direction of the loads applied to
the deflected thin film continuously alters and is always perpendicular to the deflected
thin film, usually named uniform normal loading. Therefore, if the well-known Hencky
solution or its modified solutions is used to explain the results of bulge or blister tests,
then this actually means that only the vertical (lateral) component of the applied gas
pressure is taken into account and the horizontal component of the applied gas pressure is
neglected. Obviously, in order to reduce the analytical errors during bulge or blister tests,
it is necessary to develop an analytical solution which is suitable for the circular membrane
problem under gas pressure loading, i.e., the problem of axisymmetric deformation and
deflection of an initially flat circular membrane, fixed at its perimeter and subjected to
gas pressure. Fichter [23] dealt with the circular membrane problem under gas pressure
loading analytically, where the horizontal component of the applied gas pressure, which
was neglected in the well-known Hencky solution, was included. However, Fichter failed
to consider the case where the circular membrane was pre-stressed. In blister tests for
characterizing thin film/substrate systems, the thin film adhering to its substrate is often
pre-stressed, i.e., it often has a so-called residual stress due to the changes in processing
conditions, such as humidity, temperature, or the sequence of fabrication procedures. In
bulge tests for characterizing freestanding thin films, the pre-stress may also be present due
to the error in preparation of test samples, or the different temperature when preparing
and loading test samples.

It should be said that, long before Fichter, Campbell [24] dealt with the problem of
circular membrane under uniform pressure and considered the case where the circular
membrane was pre-stressed. Unfortunately, there are three shortcomings in Campbell’s
work. First of all, from the in-plane equilibrium equation established by Campbell, it can
be seen that the horizontal component of the applied gas pressure, which is neglected
in the well-known Hencky solution, was still not included. This means that the solution
obtained by Campbell is still not suitable for the circular membrane problem under gas
pressure loading. Secondly, based on the linear division of resultant stress /strain into
initial stress/strain and incremental stress/strain, Campbell let the incremental stress and
strain satisfy the generalized Hooke’s theorem, resulting in an inconsistent definition of
incremental strain with initial strain. Thirdly, it is unreasonable that the initial stress is
considered only in the out-of-plane equilibrium equation and excluded from the in-plane
equilibrium equation. In fact, it is difficult to divide resultant strain into initial strain and
incremental strain in practical problems, while in classical theory of elasticity, the physical
relations of stress and strain for isotropic linear elastic materials, the so-called generalized
Hooke’s theorem, are derived from the basic assumptions and definitions of theory of
elasticity. In other words, the stress and strain in the generalized Hooke’s theorem refer to
the resultant stress and strain of a point on a deformed elastomer, emphasizing the state of
stress and strain for any point on the deformed elastomer.

In fact, as far as the solution to the circular membrane problem with pre-stress is
concerned, it is not necessary to divide resultant stress/strain into initial stress/strain
and incremental stress/strain. In order to make the solution process clear and easy to
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understand, this paper strictly follows the classical theory of elasticity to solve the circular
membrane problem under gas pressure loading analytically and presents a new closed-form
solution of the problem under consideration. The originality of this study is mainly reflected
in the following two points. In comparison with Fichter’s study [23], this study takes
pre-stress into account, while Fichter’s study does not. In comparison with Campbell’s
study [24], this study establishes the correct membrane equations from the perspective of
mechanics and determines the reasonable boundary conditions according to the physical
phenomena; while Campbell, from the perspective of mathematics, modified the Hencky’s
membrane equations [1] (suitable for the case without pre-stress) and directly used the
boundary conditions, suitable for the case without pre-stress. In addition, this study
not only presents the correct membrane equations considering gas pressure loading and
pre-stress, but also presents universal boundary conditions that are suitable for the case,
without or with pre-stress, and even with tensile pre-stress or with compressive pre-stress.
Therefore, the closed-form solution presented in this paper is suitable for the case where the
gas pressure loaded circular membrane may, or may not, have pre-stress, and the pre-stress
can be either tensile or compressive.

Since in the existing literature there is no such closed-form solution as the one pre-
sented in this paper, which considers pre-stress and gas pressure loading, the mechanical
properties characterization based on pressured bulge or blister tests [8,14,15,17-22] has
to use the well-known Hencky solution or its modified solutions, which are suitable
for uniform lateral loading, rather than the gas pressure loading. Therefore, with the
closed-form solution presented in this paper, the above-mentioned mechanical properties
characterization does not have to continue to rely on the well-known Hencky solution or
its modified solutions. This is also the significance of this study. The paper is organized as
follows. In the following section, the membrane equations are established, the universal
boundary conditions are derived, and the closed-form solution for stress and deflection is
presented. In Section 3, some important issues, such as the effectiveness and convergence
of the presented closed-form solution and the difference between the existing solution and
the presented closed-form solution, are discussed, and a simple experiment is conducted.
Concluding remarks are given in Section 4.

2. Membrane Equation and Its Solution

An initially flat, rotationally symmetric, linearly elastic, stress-free circular membrane
with Poisson’s ratio v, Young’s modulus of elasticity E, thickness h is stretched (or com-
pressed) radially in the plane in which the initially flat circular membrane is located, and
then is fixed at the edge of radius a4, resulting in an exact radial plane displacement u
at the radius 4, as shown in Figure 1 (exemplified only by the case of stretching), where
the dotted line represents the initially flat stress-free (un-stretched) circular membrane.
The in-plane stress or strain of the plane-radially stretched circular membrane structure,
shown in Figure 1, is uniformly distributed, and at any point on the circular membrane,
the circumferential stress or strain is equal to the radial stress or strain, which is confirmed
by a detailed derivation that follows. We here focus on the problem of axisymmetric
deformation of this plane-radially stretched circular membrane, under the action of gas
pressure g, as shown in Figure 2, where the dot dashed line represents the geometric
intermediate plane of the plane-radially stretched circular membrane, or the initially flat
stress-free (un-stretched) circular membrane, i.e., the plane bisecting the thickness of the
plane-radially stretched circular membrane, or the initially flat stress-free (un-stretched) cir-
cular membrane. Obviously, relative to the stress caused by the gas pressure g, the in-plane
stress before the action of the gas pressure g could be called initial stress or pre-stress. Thus
the plane-radially stretched circular membrane is usually called the circular membrane
with initial stress, or more briefly the pre-stressed circular membrane. In fact, the initially
flat circular membrane could also be plane-radially compressed (shrunk), which could be
thought of as being negatively stretched and corresponds to the case of 1y < 0. Therefore,
the so-called initial stress or pre-stress could be less than zero, equal to zero, or greater than
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zero, corresponding to compressing case (1 < 0), classic case (1 = 0), and stretching case
(g > 0), respectively.

= -

Figure 2. Sketch of the plane-radially stretched circular membrane under gas pressure .

To solve the axisymmetric deformation problem shown in Figure 2 analytically, we
employ a cylindrical polar coordinate system (r, ¢, w), where r and ¢ denote the radial and
circumferential coordinates of the polar coordinate system (r, ¢), w denotes the cylindrical
coordinate, the origin of the cylindrical polar coordinate system (r, ¢, w) is placed in the
centroid of the geometric intermediate plane of the initially flat circular membrane, the
polar coordinate plane (r, ¢) is placed in the plane in which the geometric intermediate
plane is located, the positive direction of the w-axis corresponds to the deflecting direction
of the pre-stressed circular membrane, and w also denotes the deflection or transverse
displacement of any point on the geometric intermediate surface of the deflected pre-
stressed circular membrane, as shown in Figure 2. The so-called geometric intermediate
surface of the deflected pre-stressed circular membrane refers to the curved surface that
bisects its thickness, and is actually the one after the geometric intermediate plane of the
initially flat pre-stressed circular membrane is deflected under the action of gas pressure .
Therefore, after ignoring the change in thickness of the membrane during axisymmetric
deformation, the problem of axisymmetric deformation of the initially flat pre-stressed
circular membrane under gas pressure g can be simplified into a deflection problem of its
geometric intermediate plane under gas pressure 4.

The geometric intermediate surface of the deflected pre-stressed circular membrane,
which is endowed with all materials and their mechanical responses, is taken away a
free body from its central portion, to study the static equilibrium problem of this free
body under the joint action of the gas pressure q and the membrane force o,/ acted on
the boundary of the free body, just as it is shown in Figure 3, where o, denotes radial
stress, h denotes the thickness of the membrane, and 6 is the slope angle of the deflected
pre-stressed circular membrane, which varies with radial coordinate r. Right here there are
two vertical (transverse) forces whose direction is perpendicular to the polar coordinate
plane, i.e., the total vertical force 772 (0 < r < a) of the gas pressure g [23] and the total
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vertical force 2nrohsinf that is produced by the membrane force o/i. Therefore, from
the condition of the resultant force being zero at the direction perpendicular to the polar
coordinate plane we may have

27ntroyhsinf = nrzq. 1
Equation (1) is the usually so-called out-of-plane equilibrium equation, where
sinf = —dw/dr. 2)
Substituting Equation (2) into Equation (1), one has

1 dw
Erq + arhgf 0. 3)
In the horizontal direction parallel to the polar coordinate plane, for any infinitesimal
element taken away from the geometric intermediate surface of the deflected pre-stressed
circular membrane, there are two kinds of horizontal forces: one is from the membrane
force, including the horizontal component of radial membrane force o,/ and the circum-
ferential membrane force o;h (here o} is the circumferential stress), and the other is from
the horizontal component of the gas pressure g acted on the infinitesimal element. The
so-called in-plane equilibrium equation can be obtained by summing the horizontal forces
on the infinitesimal element, which is seen to be [23].

dw

d
oth = —(rovh) — 4

Ep (4)

Suppose that e, is the radial strain, e; is the circumferential strain, u(r) is the radial
displacement at r, and w(r) is the transversal displacement at r. Then the usually so-called
geometric equations, i.e., the relations of the strain and displacement, may be written as

du 1,dw.?
=g T E(E) ©)
and y
ey = ; (6)

Furthermore, the relations of the stress and strain, i.e., the usually so-called physical
equations, satisfy the generalized Hooke’s law due to the membrane assumed to be linearly
elastic, and can be written as

E
o = 71 — 2 (er + vet) (7)
and
~E
0t = m(et#-ver). ®)
Substituting Equations (5) and (6) into Equations (7) and (8) yields
E du 1 dw? u
Ur—m[a‘FE(a) +Vﬂ )
and )
E u du v dw
By means of Equations (9), (10) and (4), one has
u 1 1[d dw
L= ﬁ(mh —voyh) = T a(rarh) —voyh — 75| (11)
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After substituting the u in Equation (11) into Equation (9), the usually so-called
consistency equation can be written as

d ,d? Eh (dw\*> | d*w dw]
37@(@;1) +r ﬁ(”rh) 5 <dr> - [rdﬂ + (v —|—2)a gr = 0. (12)

Equations (3), (4) and (12) are three equations for the solutions of ¢y, 0y and w.

Figure 3. Free body diagram of the deflected circular membrane with radius 0 < r <a.

Based on the following solution to the problem of the plane-radially stretching of
the initially flat, stress-free circular membrane, the boundary conditions, under which
Equations (3), (4) and (12) can be solved, can be determined. For the case where the initially
flat, stress-free circular membrane is plane-radially stretched and produces a radial plane
displacement 1 at ¥ = a, obviously dw/dr = 0. Therefore, substituting dw/dr = 0 into
Equation (4) yields

%(m,) — 0 =0. (13)

Equation (13) is the classic in-plane equilibrium equation which is suitable for the
problem of the axisymmetric deformation of the transversely loaded circular membrane.
Further, substituting dw/dr = 0 into Equation (5) yields

_du

=, 14
er dr (14)
Substituting Equations (14) and (6) into Equations (7) and (8), one has
E  du u
and £ d
U u
o = 1_1/2(;4'1/5)- (16)

By substituting Equations (15) and (16) into Equation (13) and using the condition of
dw/dr = 0, we can obtain a Euler equation that contains only the radial displacement u

d*u  du
pdu | du
7 72+r . u=0. (17)

As is known, the general solution of Equation (17) may be written as
u==Cr+GC/r, (18)

where C; and C; are two undetermined constants. According to the physical characteristics
of the axisymmetric in-plane deformation of the plane-radially stretched or compressed
circular membrane, the conditions for determining C; and C; are

u=0atr=20 (19)
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and
u=ugatr=a. (20)

Obviously, the radial displacement u is finite at r = 0, therefore it can be found from
Equation (19) that C; has to be equal to zero. Further, with C; = 0 we can, from Equation (20),
obtain C; = ug/a. Therefore, the special solution of Equation (17) is

u= ;r. (21)

Substituting Equation (21) into Equations (6) and (14)—(16), it is found that

e,:et:@:eo (22)
a
and £
o Uo _
Ur—at—l_va = 0yp. (23)

Here, 0y denotes the so-called initial stress or pre-stress in the initially flat, plane-radially
stretched or compressed circular membrane, and ey is the initial strain. Equations (22) and (23)
indicate that the result of plane-radially stretching or compressing an initially flat, stress-free
circular membrane is that the stress or strain in the plane-radially stretched or compressed
circular membrane is uniformly distributed, i.e., at all points on the membrane the stress or
strain is the same, especially the circumferential stress ¢} is equal to the radial stress o and
the circumferential strain ¢; is equal to the radial strain e,. Therefore, after the plane-radially
stretched or compressed circular membrane is fixed at the edge of radius 4, the membrane
remains flat and has a uniform in-plane stress oy and strain ey. Thus, the boundary conditions
for solving Equations (3), (4) and (12) can finally be written as

d
d—z):Oatr:O, (24)
u 1([d dw 1—v
e="=zn 5(7/(@11) —voyh — T | == opatr=a (25)
and
w=0atr=a. (26)

Here, the uniform in-plane stress 0y is the so-called pre-stress, which is usually used
as a parameter to describe a circular membrane problem with pre-stress (in place of the
parameter 1, the radial plane displacement).

Now, let us introduce the following nondimensionalization

_ Mg _Irg Tt 00 T
Q_hErW_ a/s'f E/St ErSO E’x ar (27)
and transform Equations (3), (4), (12) and (24)—(26) into
1 dw
EXQ + Sra = 0, (28)
d dw
a(xsr) — St — XQE = 0, (29)
L5126+ LY o w2 =0 o
dx 7" dx2*7 T 20 dx dx? dx | 7
dw
E—OatX—O, (31)
(1 —u)(s,—so)+xds’ —Qxd—wz()atle (32)

dx dx
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and
W=0atx=1. (33)

Obviously, the stress and deflection are both finite at x = 0, therefore S, and W can be
expanded into the power series in x

S:(x) = icixi (34)

i=0

and .
W(x) =Y dix'. (35)

i=0

After substituting Equations (34) and (35) into Equations (28) and (30), it is found, by
using the mathematical software Maple 2018, that ¢; = 0 and d; = 0 when i is odd, and
when i is even, the coefficients c; and d; can be expressed into the polynomial function
with regard to the coefficient ¢y, which is, respectively, listed in Appendix A (for c¢;) and
Appendix B (for d;).

The remaining two coefficients cy and dg are two undetermined constants depending
on the specific problem addressed and can be determined by using the boundary conditions
of Equations (32) and (33) as follows. From Equations (34) and (35), the boundary condition
of Equation (32) gives

™

I
—

[7e

(1—-v)y ¢+

iC,‘ - Qi id,': (1 - V)So. (36)
i=0 i i=1

Substituting all expressions of ¢; and d; (i =2, 4, 6, ... ) into Equation (36), we can
obtain an equation that contains only the undetermined constant cy. Therefore, cy can be
determined by solving this univariate equation for ¢y, and as a result, the expression of S,
can also be determined. Further, from Equation (35) the condition of Equation (33) gives

%:ﬁ@ (37)

Obviously, at this time, all the coefficients d; are known, because d; = 0 when i is odd
and when i is even d; can be determined with the known cy. Therefore, after substituting
all the known coefficients d; into Equation (37), the remaining undetermined constant d
can finally be determined, and also the expression of W can be determined. Furthermore,
with the known expressions of S, and W, the expression of S; can easily be determined by
using Equation (29).

At this point, the problem addressed here has been analytically solved perfectly, and
its closed-form solutions for stress and deflection has been given.

3. Results and Discussions

Firstly, let us see whether the analytical solution obtained in Section 2 meets Equation
(24) or Equation (31), the boundary condition that has not been used yet during the
derivation, that is, dw/dr = 0 at r = 0. The dimensional form of the deflection w(r) can be
written as, from Equations (27) and (35)

w(r) = Z i r, (38)
i=0

and the first derivative on both sides of Equation (38) is

dwioo ldl i—1
iy :

i=1

o (39)
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Obviously, from Equation (39) it can be found that dw/dr = d; at r = 0. However,
from Section 2, we know thatd; = 0duetod; =0(i=1,3,5,... ). Thus, dw/dr =0 at
r = 0, which indicates that the analytical solution obtained in Section 2 can automatically
meet Equation (24) or Equation (31) and is reliable to some extent.

Now, let us consider a circular membrane with Poisson’s ratio v = 0.45, Young’s
modulus of elasticity E = 7.84 MPa , thickness = 0.2 mm and radius 4 = 70 mm, as a
numerical example to illustrate how to use the closed-form solution presented in Section 2.
Suppose that the circular membrane is subjected to a gas pressure g = 0.008 MPa and
is pre-stressed with 0y = —0.2 MPa, 0p = 0 MPa and 0y = 0.2 MPa, respectively. For
convenience of operation, the infinite power series in Equations (36) and (37) have to be
truncated to n terms, that is,

L 2, . ag & . o
(1—1/)Zci+210i—h—21d,-: (1—-v)= (40)
— — E ~ E
i=0 i=1 i=1
and .,
do = Zd,-. (41)

Equations (40) and (41) are used to determine the specific numerical values of the unde-
termined constants ¢y and dy for this three circular membrane problems. Here, a so-called
asymptotic approximant is used to find the more accurate numerical values of the undetermined
constants ¢y and dy. To this end, the parameter # in Equations (40) and (41) has to take its
value from a relatively small number (usually from # = 4). A pair of numerical values of the
undetermined constants cg and d can first be obtained by using Equations (40) and (41) with
n =4, and the second pair of numerical values of the undetermined constants ¢y and dy can also
be obtained by using Equations (40) and (41), with n = 6 (skip n =5because c; = 0 and d; = 0
when i is odd). Continue the numerical value calculation of the undetermined constants ¢y and
do with n = 8, if the difference between the numerical values of ¢y or d(, which are obtained with
n =4 and n = 6, is not as small as you wish. If the difference between the numerical values of ¢y
or dy, which are obtained with n = 6 and n = 8, is as small as you wish, stop the numerical value
calculation of the undetermined constants cy and dy;, otherwise, continue the numerical value
calculation with the next value of the parameter 7 until the difference between the obtained
numerical values of ¢ or dy is small enough as you wish.

The obtained numerical values of the undetermined constants ¢y and dy under dif-
ferent parameter n and pre-stress o are listed in Tables 1 and 2. It may be seen, from
Tables 1 and 2, that the difference between the numerical values of ¢y or dy, which are
obtained with n = 48 and n = 50, is very small. Their convergence trend is shown in
Figures 4 and 5. It may be seen, from Figure 4 or Figure 5, that as the parameter # is
increased, the data sequence for oy = 0.2 MPa converge rapidly to the theoretical values
(unknown exact values) of the undetermined constants cg or dy, whereas the data sequence
for oy = 0 MPa converge relatively slowly, and the convergence rate of the data sequence
for op = —0.2 MPa is the slowest of the three cases. This means that the pre-stress oy has an
effect on the convergence rate. Meanwhile, it may also be seen, from Figure 4 or Figure 5,
that the pre-stress 0y also has an effect on the size of the unknown exact values of the
undetermined constants ¢y and dj, that is, it affects the determination of the theoretical
values of the undetermined constants ¢y and d.
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Table 1. Numerical values of ¢y under different parameter n and pre-stress .

n Co (0'() =—0.2 MPa) Co (0'() =0 MPa) Co (0'0 =0.2 MPa)
4 0.033575757 0.036718983 0.040895160
6 0.034571798 0.037437982 0.041351580
8 0.034937506 0.037668787 0.041471936
10 0.035090915 0.037752220 0.041506960
12 0.035160346 0.037784376 0.041517690
14 0.035193278 0.037797245 0.041521070
16 0.035209381 0.037802520 0.041522156
18 0.035217421 0.037804718 0.041522510
20 0.035221493 0.037805644 0.041522626
22 0.035223579 0.037806037 0.041522665
24 0.035224656 0.037806206 0.041522678
26 0.035225216 0.037806279 0.041522682
28 0.035225508 0.037806310 0.041522684
30 0.035225662 0.037806324 0.041522684
32 0.291048183 0.294766104 0.299135074
34 0.291111023 0.294823088 0.299173082
36 0.291160458 0.294866648 0.299201321
38 0.291199517 0.294900099 0.299222391
40 0.291230497 0.294925891 0.299238168
42 0.291255153 0.294945846 0.299250020
44 0.291274833 0.294961334 0.299258948
46 0.291290585 0.294973386 0.299265689
48 0.291301202 0.294982788 0.299270792
50 0.291303222 0.294990139 0.299274660
Table 2. Numerical values of dy under different parameter 1 and pre-stress .
n d() (0'0 =—0.2 MPa) do (0'() =0 MPa) d() (Go =0.2 MPa)
4 0.191259377 0.170013719 0.148629681
6 0.190695512 0.169946392 0.148823819
8 0.190025293 0.169675311 0.148764097
10 0.189609686 0.169517042 0.148725927
12 0.189376490 0.169439316 0.148709778
14 0.189249321 0.169403143 0.148703640
16 0.189180665 0.169386685 0.148701407
18 0.189143746 0.169379280 0.148700612
20 0.189123924 0.169375968 0.148700331
22 0.189113288 0.169374491 0.148700233
24 0.189107580 0.169373833 0.148700199
26 0.189104516 0.169373541 0.148700187
28 0.189102870 0.169373411 0.148700183
30 0.189101985 0.169487693 0.148700182
32 0.433731681 0.419987899 0.405828941
34 0.433578999 0.419888878 0.405769100
36 0.433455904 0.419810953 0.405723345
38 0.433356458 0.419749529 0.405688320
40 0.433275966 0.419701040 0.405661478
42 0.433210705 0.419662710 0.405640887
44 0.433157713 0.419632375 0.405625077
46 0.433114625 0.419608340 0.405612927
48 0.433079546 0.419589278 0.405603582
50 0.433050957 0.419574146 0.405596390
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Figure 4. Variations of cy with n when ¢ takes —0.2 MPa, 0 MPa and 0.2 MPa, respectively.
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Figure 5. Variations of dy with n when ¢ takes —0.2 MPa, 0 MPa and 0.2 MPa, respectively.

The very good convergence exhibited in Figures 4 and 5 allows the undetermined
constants ¢y and dy to take 0.291303222 and 0.433050957 as the approximations for the
case of oy = —0.2MPa, 0.294990139 and 0.419574146 for 0y = OMPa, and 0.299274660
and 0.405596390 for 0y = 0.2MPa (see Tables 1 and 2). Thus, the special solutions of the
deflection w(r) and radial stress 0;(r) can finally be determined. The geometry of the
deflected circular membrane along the radius of the circular membrane is depicted in
Figure 6, and the distribution of radial stress along the radius of the circular membrane is
shown in Figure 7.
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Figure 6. Variation of w with r when o takes —0.2 MPa, 0 MPa and 0.2 MPa, respectively.
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Figure 7. Variation of 0, with r when oy takes —0.2 MPa, 0 MPa and 0.2 MPa, respectively.

Now, let us show the difference between the solution presented in this paper and the
solutions presented by Fichter [23] and Campbell [24]. Figures 8 and 9 show the variations
of the deflection w(r) and radial stress o, (r) with the radius r, where the solution 1 refers
to the solution presented by Fichter [23], the solution 2 refers to the solution presented by
Campbell [24], and the solution 3 refers to the solution presented in this paper.

From Figures 8b and 9b, it may be seen that when ¢y = 0 MPa the deflection or stress
curve by solution 3 (which is presented by this paper) basically coincides with the curve by
solution 1 (which is presented by Fichter [23]). This proves to some extent that the process
of solving in Section 2 of this paper is correct and the closed-form solution presented is
reliable, because solution 3 should be returned to solution 1 when the pre-stress is equal to
zero. However, it may also be seen from Figures 8 and 9 that the deflection and stress curves
by solution 2 (which is presented by Campbell [24]) are far from the curves by solution 1
or 3, especially the stress curve (the maximum relative error of solution 2 to solution 1 or
3 is about 25% for 0y = —0.2 MPa , 24% for 0y = 0 MPa and 23% for 0y = 0.2 MPa). This
means that if solution 1 is reliable, then solution 3 should also be reliable, and therefore
solution 2 must be unreliable.
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Figure 8. Variation of w with r where (a) for 0y = —0.2 MPa, (b) for 0y = 0 MPa and (c) for
0p = 0.2 MPa.
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Now, let us consider a simple experiment to test the accuracy of the solutions pre-
sented by Fichter [23], Campbell [24] and this paper. An initially flat stress-free circular
natural latex thin film with Young’s modulus of elasticity E = 0.941 MPa, Poisson’s ratio
v = 0.43, thickness h = 0.8, and radius a2 = 70 mm is subjected to the action of gas pressure
g = 0.008 MPa, as shown in Figure 10. A non-contact laser displacement sensor (ZSY Group
Ltd., London, UK) is employed to measure the membrane deflection. The measured mem-
brane deflection along the radius of the circular membrane is shown in Figure 11, where
solution 1 refers to the solution presented by Fichter [23], solution 2 by Campbell [24],
and solution 3 by this paper. From Figure 11, it may be seen that within 7 = 20 mm the
Campbell’s solution outperforms the solutions presented by Fichter [23] and by this paper,
but it becomes worse and worse as r becomes bigger, especially on the scale of r = 40-60 mm.
This is because the Campbell’s solution uses Hencky’s in-plane equilibrium equation [1,24],
thus neglecting the horizontal component of the applied gas pressure g, performing poorly
on both sides. Table 3 shows the measured and calculated results of deflection and the
relative errors of calculation to measurement. It may be seen from Figure 11 or Table 3 that
the overall effect of the closed-form solution presented in this paper is better than that of
Campbell’s solution [24].

(b)

Figure 10. Experimental setups: (a) before loading; (b) after loading.

10~

20
w[mm]
30

40—

=-=-Solution1
=== Solution2
—Solution3
-+ Experimental results

50 | I 1 I | I I 1 I 1 I
70 60 50 40 30 20 10 0 10 20 30 40 50 60 70

Figure 11. Membrane deflection w along the radius * when g = 0.008 MPa.
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Table 3. The measured and calculated results of deflection and relative errors.

Calculated Results by Solution 2 and Calculated Results by Solution 3 or 1 and

7 (mm) Measured Results (mm) Relative Errors to Measured Results Relative Errors to Measured Results
Results (mm) Error Results (mm) Error
0 39.52 39.02 1.27% 37.85 4.22%
10 38.94 38.40 1.39% 36.98 5.02%
20 37.39 36.21 3.13% 35.48 5.11%
30 35.03 32.53 7.16% 32.86 6.20%
40 31.49 27.14 13.81% 28.94 8.09%
50 26.43 20.07 24.06% 23.42 11.39%
60 18.32 11.13 39.25% 15.12 17.47%

4. Concluding Remarks

In this study, the problem of axisymmetric deformation and deflection of an initially
flat circular membrane under in-plane radial stretching or compressing and out-of-plane
gas pressure loading is solved analytically, and a new closed-form solution of the problem
is presented. From this study, the following conclusions can be drawn.

From Tables 1 and 2 or Figures 4 and 5, it may be seen that the initial in-plane
stress or pre-stress will affect the convergence of the undetermined constants ¢y and d,
and the greater the pre-stress, the faster the undetermined constants ¢y and dy converge.
Therefore, in order to make sure that a more accurate numerical value can be obtained for
the undetermined constants ¢y and dy, the parameter n in Equations (40) and (41) must
start from a relatively small number and eventually reach a number as large as possible,
especially when the pre-stress is negative or zero.

From Figures 8, 9 and 11, it may be seen that the difference between the solution
presented by Campbell [24] and the solution presented in this paper is not very significant
for deflection calculation (see Figure 8) but is quite significant for stress calculation (see
Figure 9). However, the shape of the deflection curve calculated by the solution presented
by Campbell [24] is too different from the experimental results (see Figure 11 or Table 3),
which will affect some technical applications, such as using closed-form solutions to
predict the shape of orbiting inflatable reflectors [23]. Therefore, the solution presented by
Campbell [24] is generally unreliable and should not be recommended.

From the derivation of the boundary conditions in Section 2, it may be seen that the
derived boundary conditions, Equations (24)—(26), can be called universal boundary condi-
tions, because the case of oy = 0 in Equation (25) corresponds to the circular membrane
without pre-stress, 0y > 0 corresponds to the circular membrane with tensile pre-stress,
and oy < 0 corresponds to the circular membrane with compressive pre-stress. Therefore,
the closed-form solution obtained in Section 2 can be applied to the case where the initially
flat circular membrane may or may not have a uniform in-plane stress before deflection,
and the in-plane stress can be either tensile or compressive.

The closed-form solutions are often found to be necessary in many technical appli-
cations, such as the above-mentioned shape prediction of the orbiting inflatable reflec-
tor [23], and the characterization of mechanical properties of freestanding thin films, or
thin-film /substrate systems based on pressured bulge or blister tests [8,14,15,17-22], while
a numerical analysis is helpless in these technical applications due to the rigid demand for
analytical relationships. The closed-form solutions of stress and deflection presented in
this paper can provide these technical applications with a required analytical relationship
between deflection or stress and loads or blister radius. However, it may also be seen from
Figure 11 or Table 3 that the computational accuracy of this closed-form solution is still not
very satisfactory and needs further improvement.
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Nomenclature

Radius of the circular membrane

Thickness of the circular membrane

Young’s modulus of elasticity

Poisson’s ratio

Radial coordinate of the cylindrical coordinate system

Circumferential coordinate of the cylindrical coordinate system

Axial coordinate of the cylindrical coordinate system as well as transverse
displacement of the deflected membrane

8 9 I MW=

u Radial displacement of the deflected membrane
i Radial plane displacement atr =a

q Gas pressure

oy Radial stress

ot Circumferential stress

0o Initial stress or pre-stress

ey Radial strain

et Circumferential strain

e Initial strain

0 Slope angle of the deflected membrane

T Pi (ratio of circumference to diameter)

W Dimensionless transverse displacement (w/a)
Sy Dimensionless radial stress (o, /E)

St Dimensionless circumferential stress (c;/E)
So Dimensionless initial stress (cy/E)

x Dimensionless radial coordinate (r/a)

¢ Coefficients of the power series for S,

d; Coefficients of the power series for W

C1,C;  Undetermined constants

Appendix A
2
Cr = —6%%(41/60 +12¢9 + 1),
4
¢4 = — g (Bv2ch + 64vc] + 120} + 22c + 1),
B 6 33 2.3 2.2 3 2
e = _zmngzcg(Z%V o+ 3456v cp+ 320v-cy + 143361/00 + 2592vcj

+18816¢) 4 116vcg + 5024c] + 444co + 13)
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Appendix B
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+13152vc3 + 84480c3 + 572vcg + 22016¢3 + 1908¢g + 55)

- 4.4 3 4 3.3
d10 = ~ oismonganncrs (63232v*ch + 8926720°¢] + 78656v°c])

+4683520v%c¢ + 820864v%c3 + 10834176vcE + 35864173
+2834880vc) + 9331200ch + 246656vcs + 3242112c)
+7138vcg + 421544c + 24314cq + 525)

11
© 34789235097600c)¢

472553676813 ¢y + 12744934413 + 257929830412 ¢} + 55820481°¢3
+676326656v2c] + 4549192704vc] + 58979488v%c) + 1583691520vcg
4318689280043 + 1710920v%c3 + 206343200vc + 1381567488¢¢)

dip = (5587968v°c3 + 10116505614 c] + 893516814}

diy = — Q° (139440947215¢8 + 3091546112056
14 109099041266073600¢) 0 0

+27331624961°c] + 282717814784v4c§ + 497153433601 ¢}
+1366449160192v3c§ + 2180315136v*c] + 3587004047361°c3
+3684733845504v7cf + 31322101760v°cj + 12842118717441% ]
+5260102729728vc§ + 90997030413 ¢3 + 1675421296641 ¢}
+2282934267904vc) + 3107620454400c8 + 969878054412 c)
+395713392640vcd + 1613026492416¢] + 210225344v2c3
+34246650496vc3 + 348383755264c4 + 1479965024vc3
+40080240768c3 + 25551228vc) + 2590723808¢3 + 89215644cy
+1278825)
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_ o 7.7 6.7
dig = 22343483651 91873280027 (2332957081601/ o+ 6136264785920V o

+542608162816v°c§ 4 68455655669760v°c] + 120425891758081°c§
+420330879057920v*c] + 5284826972161°c; + 110398882152448v4c§
+1535545722142720v3¢] + 9647309942784v4 3 + 535518767775744v3c§
+3340055376691200v2c]) + 280528792576vc} + 69922034995200v3c)
+145066863827353612c§ + 4007958968401920vc], + 405151898419213c}
+251668030697472v%c3 + 2081977704480768vc§ + 2047916821708800c
+8791144384013c3 + 21801459577856v2c§ + 450067875065856vc)
+1237400652349440c§ + 943145998080v2c + 51829227345920vbg
+320077918642176¢5 + 16301687232v2c3 + 3353685088128vc)
+45949729044480c¢ + 115618173408vc3 -+ 3954060131328¢3
+1659215740vc) + 203967822816¢3 + 5840327620c)+71612125)

__ QY 8,8
dyg = 289571548120742677708800c30 (251946826465281°cq

+76812999773388817 c§ + 67908843012096v7 ]
+101379582816419841°¢8 + 17834718172938241°¢]
+757363500486492161°c§ + 782850743664641°5c§
+198957357623541761°c] + 350593252151001088v4c8
+1739249961852928v5c§ + 122309308598190080vc7
+1030572063286362112v3¢§ + 506011002859521°c3
+15977406145134592v4c§ + 4478021572699750401°c)
+1879803384788680704v2c§ + 926342225356800v4c;
+7773035860030259213c§ + 977006422902243328v%c})
+1946406047526420480vc5 + 20114369125632v4c]
+673808899792691213c] + 211335855360327680v%cS
+1176776583635337216vc], + 876339430686720000c5
+291713277344000v3c§ + 24354507800274944v2 ¢}
+304603997666058240vc§ + 603905675018895360c
+504624210188813c] + 1577127727416576v2c}
+43761063128068096vc) + 181907109573083136¢5
+54417277715648vc3 + 3768754858770176vc
+31283823338778624c; + 781631613080v2c3
+194575045273984vc] + 3359833825248768¢)
+5576371068448vc3 + 230760871288128¢3
+68439289950vc) + 9898518822984c3
+242459851750c) + 2596581625)
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- _ QY 9.9
dao = 4633144769931882843340800002° (34115183784755200" g

+118444091464220672v8¢7 + 1046663751493222418¢3
+1808283120114335744v7 ¢} + 318041734543572992v7 c§
+15950252097173716992v°c]) + 13959906513256448v7 ]
+41899336021041479681°¢5 + 896606017365810872321°c;)
+366320570899972096v°c], + 31283051174786891776v°ch
+333343530576484237312v*c] + 10660326004723712v5¢§
+4087549265824563200v°cf) + 1448795026901367521281%c8
+820203101659930296320vc] + 237073839796183040v°c§
+25157292769029586944v4 ¢/ + 4264412182452305920001c§
+1288667154725648990208v%c) + 51501050503746561°c3
+2181734662441721856v4c§ + 922836270978967470081°c
+77945577385619043123212¢S + 1173726654420418560000v )
+94503473460990976v*c + 10640271960689336320vcS
+201861353282457387008v2c}, -+ 809252870022897991680vcS
+472378197839708160000c] + 1635746902436096v*c}
+689430080960804864v3c] + 2901694539549012377612c§+
243898727806524506112vc, + 365535324502858137600c5
+2380316453400819213c§ + 2500522430794411008v2c;
+41970629357141245952vc§ + 125618317750237298688¢)
+342133796910224v3¢3 + 129184061762454144vc}
+4510530267662435840vc) + 25163812990336770048¢§
+3704927888954480v%c3 + 310007430884899456vc]
+3238267923602939904c] + 455045741395401%c3
+13307430159905520vc] + 277632644812324992¢3
+326204522097600vc3 + 15858535555177488¢3
+3496139957750vco + 581980835136140c2
+12451492202250¢( + 118334925625)
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dy = %(IOCzdzo ~+ 9c4d1g + 8ced1g + 7cgdr4 + 6¢10d12 + Sc1pd1g + 4c1ads + 3c16de + 2c18d4
+c20d2)

doy = 12C (11codpo + 10c4dag + 9cedrg + 8cgdis + 7c10d14 + 6¢12d12 + 5c1ad1g + 4ereds + 3cigds
+2cp0d4 + c22d2)

drg = 13C (12¢2doy + 11cgdan + 10cedag + 9cgdrg + 8c1odis + 7c12d14 + 6¢14d12 + 5c16d10
+4c1gdg + 3c20d + 2¢22d4 + c24d2)

drg = 14C (13codpg + 12¢4dp4 + 11ced + 10cgdng + 9c10d1s + 8c12d16 + 714414 + 616412
+5c18d10 + 4cogdg + Bconde + 202444 + cogdn)

d3p = 15C (14codag + 13cadre + 12c4da + 11cgda + 10c19d20 + 9c12d18 + 8c1ad16 + 7c16d14
+6¢18d12 + 5co0d10 + 4condg + 3co4de + 2c26dy + Cogdn)

dzp = 16c (15¢2d30 + 14cydag + 13cedag + 12c8dng + 11c19d2n + 10c12d2g + 9c14d18 + 8c16d16
+7c18d14 + 6¢20d12 + Scondio + deaads + 3ca6ds + 2c2864 + c30d2)

dzy = 17C (16c2d3p + 15¢4d30 + 14cedag + 13cgdag + 12¢10d24 + 11c10d20 + 10c14d20 + Ic16d1s
+8c18d16 + 7c20d14 + 5Cpadig + 4cogds + 3casds + 2c30d4 + c32dp + 6¢22d12)

dzg = 18C (c34dn + 2c3pdy + 4eogds + 3c3pde + 6C04d 12 + 5eagdig + 8capdis + 7cond1y

+10c16d20 + 9c18d1g + 14cgdag + 13c10d26 + 12¢12dp4 + 11c14d0n 4+ 17c2d34 + 16c4d3p + 15¢6d30)
dsg = —ﬁlSczd% 4+ 17¢4d3q + 16¢¢dsp + 15cgdsy + 14cqgdag + 13c12d0g + 12¢14d04 + 9coodig
+8c22d16 + 626612 + Scagdio + 4c30ds + 3c32de + 2c34ds + c36d2 + 11c16d20 + 10c18d20 + 7024614
dyo = — 5555 (8caaddis + 7casd1a + 6281z + 19¢adss + 18cadag + 13c1adag + 12c16d24 + 11c18020
+4c3pdg + 17c6dzg + 16cgdsp + 15¢10d30 + 14c12dag + 20364 + c38d2 + 9cand1g + Beaodig + 3cz4ds
+10c20d20)

dp = —ﬁ(ZOczdzm + 19¢4d3g + 18cgdsg + 17cgdzy + 16¢10d3p + 15¢12d30 + 14c14d0g + 12¢18d24
+11ca0dzn + 10c22d20 + 9cadrs + 8caedie + 7c28d14 + 3czeds + 2c38da + 6c30d12 + Sczad1p + caoda
+4c34dg + 13c16d26)

dy = —ﬁ(smdm + 7cs0dra + candy + 11conday + 1002420 + 9caed1s + 13c18da6 + 12020024
+5c34d10 + 21cpdgn + 20c4d4g + 19¢¢dsg + 3c3gde + 2c40dy + 18cgdsg + 17¢10d34 + 16¢12d30
+15c14d30 + 14c16dag + 4c3eds + 6¢32412)

das = 2362 (11cpadan + 1026620 + 2c4pd4 + 3caode + 4czgds + Scaedip + 6c3ad1n + 7c3pd 14
+9cpgd1g + 8czpd1g + 13c20d26 + 12c22d24 + 15¢16d30 + 14c18dpg + 19¢gdsg + 18c10d3¢ + 17¢12d34
+16c14d37 + caqdn + 22¢pd sy + 21cqdyn + 20c4dy0)

dyg = — g4 (cagda + 2caads + Bcapds + 4caods + Seasdi + 7caadra + 6¢36d12 + 8czadie

+9c30d1s + 11coedar + 10c28d20 + 13¢22d26 + 12004d04 + 15¢186d30 + 1420428 + 18c12d36
+17c14d34 + 16¢16d3 + 22¢4d 44 + 21cedgn + 20cgdag + 19¢10d38 + 23c2d46)

ds0 = — g5z (24cadag + 2346 + 22¢6daq + 21esday + 20c10da0 + 19c12d38 + 18¢14d36

+10c30d20 + 9capdig + 8czadie + 7c36d14 + 6¢38d12 + 5cagdro + 4capdg + 3caade + 2c46d4 + Cagdn
+14condog + 11cagdan + 1206004 + 132426 + 15c20d30 + 16¢18d30 + 17¢16d34)
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