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Nonlinear Instability of Corrugated Diaphragms
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In this paper, the authors propose a method of solution to a set of nonlinear equations governing large
axisymmetric deformation of shallow shells of revolution and study the deformations, stresses, and instability
of circular corrugated diaphragms. The method is based on the integral equation method, the Newtonian
iterative scheme, and spline approximation, and it is found that results have good convergence, such that they
can be used for practical problems, and that they are readily programmed. By using this method, a set of
equations for a circular corrugated diaphragms with sine-shaped shallow waves under normal pressure is solved.
The displacements, stresses, and instability of the diaphragms are numerically analyzed in detail. The results
show that corrugated diaphragms snap through several times, a characteristic that can be used as a design
parameter of the element. The idea that the corrugated diaphragm can be used not only as a sensor but also as
a control element is suggested by the authors of this paper.

Nomenclature
D - flexural rigidity
E = Young's modulus
f ( x ) = free term
GI, G2 - Green functions
H = wave amplitude
h = thickness of the corrugated diaphragm
/ = wave length
Mr = radial bending moment
M0 = circumferential bending moment
Nr = radial membrane force per unit length
Ne = circumferential membrane force per unit length
p = reduced load intensity,

^[12(1-i/2)]3? /2Eh 4

Pb\, Pb2> Pb3 = snap-back loads
Pci* Pc2, Pa = snap-through loads
Qr - radial shearing force
<20 = circumferential shearing force
q - intensity of the uniform pressure acting on the

corrugated diaphragm
r = radial coordinate
/*! = radius of the corrugated diaphragm
r2 = radius of the central plate of the corrugated

diaphragm
U = reduced radial displacement, 12^(1 - v2)u/h2

u = radial displacement
W = reduced deflection, Vl2(l - v2)w/h
w = deflection of the neutral surface of the thin shell
w/ = initial deflection of the neutral surface of the

thin shell
x = reduced radial coordinate, r/r\
x* = ratio of radii, r2/r\
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Y = reduced deflection that contains the initial
deflection, Vl2(l —"i^)(w + w/)//z

a(x) = reduced slope, Vl2(l - i>2)(r{/h) dw/dr
P(x) = reduced derivative of stress function,

[12(1 - v^/Er^ (r\/h) d$/dr
61, 62 = coefficients determined by different boundary

conditions
$ = stress function
X = reduced wave amplitude,

Vl2(l -v*)(ri/h) 2irH/l
v - Poisson's ratio
a = stress
o = reduced stress
or = radial total stress
o^ = radial bending stress
a, = reduced radial bending stress
a™ = radial membrane stress
a0 = circumferential total stress
oft = circumferential bending stress
OQ = reduced circumferential bending stress
o™ = circumferential membrane stress
o™ = reduced circumferential membrane stress
om = reduced radial membrane stress
</> = phase angle
w = reduced angular frequency, 2-Kr^/l

I. Introduction

C IRCULAR corrugated diaphragms have many technical
applications. They have been, in particular, adopted

widely as a low pressure sensor in precision instruments, me-
ters, and transducers. Since Hersey1 and Griffith2 first studied
the theory and performed the experiment on circular corru-
gated diaphragms, many researchers3'19 have worked on the
problem. Among them, Panov3 was the first to discuss the
large deflection problem of a circular corrugated diaphragm,
and Haringx4 first suggested the idea of reducing a corrugated
diaphragm to an equivalent orthotropic plate. These studies
increased our understanding of the behavior of corrugated
diaphragms. However, as far as we know, many problems
such as instability, deformation, and stress distribution in the
case of large deflection of the corrugated diaphragm have not
been well solved yet due to the complexity of their configura-
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upper surface

Fig. 1 Dimensions of the corrugated diaphragm shells and a shell
element subjected to internal forces and moments.

tion on the one hand and inadequate methods of solution on
the other.

The purpose of this paper is to present a method of solu-
tion — the Newton-spline method — to the nonlinear boundary-
value problems governing the large axisymmetric deflection of
shallow shells of revolution and study the deformations,
stress, and instability of a circular corrugated diaphragm with
sine-shaped shallow waves under normal pressure. As we
know, there were many solutions20'22 to the nonlinear prob-
lems for shells of revolution. These solutions are based either
on Piccard iteration, which has poor rate of convergence,
combined with a finite difference scheme or on Newtonian
iteration combined with a finite difference scheme to the set of
nonlinear equations of the shells, which contains at least two
main unknown functions. The present method of solution is
based on using the Newtonian iterative scheme and spline
approximation to a nonlinear integral equation with only one
unknown function, and hence, it not only has the quadratic
rate of convergence of the Newtonian iterative procedure but
also requires less computation and has fewer computation
errors. Because the equivalent orthotropic plate theory cannot
carry out the stress and buckling analyses of a corrugated
diaphragm, the nonlinear equations of shallow shells of revo-
lution of the von Karman type are used here. It has been
pointed out that these equations are not correct, as compared
with Reissner's equations, for the reason that, in the equations
of moment equilibrium and membrane force equilibrium for
elements of shells, the influence of deformation is neglected.
For practical purpose, however, the solutions of the von
Karman type equations are sufficiently good approximations
for axisymmetric nonlinear bending of shells of revolution as
pointed out in Ref. 22, and the equations are more convenient
to be analysed than those of Reissner's.

II. Fundamental Equations
From the equations of rotational shallow shells given by

Volmir,8 we can derive the nonlinear deflection equations of a
circular corrugated diaphragm with shallow sine-shaped waves
under uniform pressure, as shown in Figure 1.

_
dr r dr dr r dr \_ dr

=-gr (1)

IAIA f*? J_clw U d w
E dr r dr dr r dr[2 dr

-£„.)]-. (2)

The term /(r - r2) is a Heaviside function defined as follows

1 as r > r2

0 as r<r2

The boundary conditions are
At r = rii

At r = 0:

d2w 1 dw , d2$ 1 d$
$!—— + -— =0, 52—— ---r-=

dr2 r dr dr r dr

^=0, -dr dr (4)

1) Edge simply supported (r = H, w = 0, Mr = 0, Nr = 0):

2) Edge simply hinged (r = r l y w = 0, Mr = 0, u = 0):

v v

3) Edge rigidly clamped (r = rl5 w = 0, dw/dr = 0, w =0):

1
1 , 2 ^ ' p

4) Edge clamped but free to slip (r = r l5 w =0, dw/dr = 0,
Afr = 0):

6! = 52 = 0

Other values of 5\ and 62, corresponding to various elastic
support conditions, can also be determined.

After finding the deflection w(r) and the stress function $(r),
the bending moment, shearing force, membrane force per unit
length, and radial horizontal displacement of the corrugated
diaphragm can be determined by the following formulas:

/d2w v dw\ , fMr = -D( — + - — > Me=\dr2 r dr/

d 1 d dw h d$— - — r — » Nr = - —
dr r dr dr r dr

dw d2w— + v —-,r dr dr2

= h—— (5)
dr2

In order to simplify the fundamental equations and bound-
ary conditions, let us introduce the following dimensionless
variables

-
r{ h dr

dr
tr\

I (6)

= Vl2(l h I
x = ' p =
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Making use of Green functions, we can replace the boundary-
value problem [Eqs. (1-4)] of the nonlinear differential equa-
tions (1) and (2) by an equivalent integral equation in dimen-
sionless form

G2(s,t) [a

- x*)\ si

sin(o>s

dt

-x*)\ si

(7a)

ds (7b)

where Green functions GI and G2 as well as the free term/(;c)
are known functions on the square 0 < x , 5 < l , 0 < 5 , ^ < 1 ,
and interval 0 < x < 1, respectively,

Gi(x,s)=
p/2 [up + (\/s)]x, 0 < x < 5

(
(8)

(9)

(10)

The numerical programs used to solve integral equation (7)
under boundary conditions (3) and (4) can be found in detail
in Refs. 24 and 25. Here we only explain the main points of
this method. First, the nonlinear integral equation (7) is re-
duced to a sequence of Fredholm integral equations of the
second kind, which can be solved successively by means of a
Newtonian iterative procedure. Then we use multiknot cardi-
nal spine functions to make kernels of the integral equation
become Fredholm integral equations of the second kind with
degenerated kernels. Then the problem to solve a system of
simultaneous linear algebraic equations is completed by the
Gauss elimination method. This program can be carried out
by the following procedure. For a given geometry, boundary
condition coefficients, and physical constants, p is chosen to
be sufficiently small so that the linear solution [obtained by
neglecting nonlinear terms in Eq. (7)] is adequate. Taking it as
the initial step for the iteration process, we can get a nonlinear

: 1°-75

E = 100 000 MPa
h - 0 . 2 2 mm
v = 0.3

Present result

— - — Theoretical result of Ref.[ 18]

- • — • — Theoretical result of Ref.[9]

• •—-— Experimental result of Ref.[9]

0 .4 0 .6
DEFLECTION

0.8

Fig. 2 Comparison between analytical predictions and experimental
results for a rigidly clamped circular corrugated diaphragm.

-- — —— (1) Edge simply supported
------ (2) Edge simply hinged
- — --— (3) Edge rigidly clamped
----- (4) Edge clamped but free to slip

0 0.8 1.6 2.4 3.2 mm
DEFLECTION U 0

Fig. 3 Curves of elastic characteristics for boundary conditions (1-4).

solution corresponding to this p value. Then we may give a
positive or negative increment of p and use the convergent
solution of the previous p as an initial value for the interation
process of the new p value. By this procedure, we can get the
required solution for the prebuckling or the postbuckling
states corresponding to any value p of the load.

In carrying out the calculation, a convergent criterion of
0.001% maximum error is adopted. As the method discussed
in this paper has a quadratic rate of convergence, this condi-
tion can be satisfied, requiring only four or five iterations in
most cases.

III. Method of Solution and
Computational Techniques

Defining an operator F as follows

y(x) = a(x)+pf(x)

+ I(s-x*)\

- x*)\

G2(s,t) [<x(

(H)

in the normalized linear space C[0, 1] and applying the Newto-
nian iterative procedure

= -F(ctn)

(n =0, 1 (12)

to the operator equation F(a) = 0, a sequence of Fredholm
integral equations of the second kind are obtained

(13)

+ l(s)ds = Fn(x)

(0<*<1, /I =0, 1,2, . . .)

where the kernel G%(x,s) and nonhomogeneous term Fn(x)
are determined by the last degree iteration and are continuous
in the respective domains of definition. Then, we obtain a
uniform approximation for the kernel G* and the nonhomo-
geneous term Fn by multiknot cardinal spline functions as
follows:

„ TV M
Gn(X,s) = 2^Gnt ij $>i(x) $yl

i,j
Pn(X) = £>„, , *,(*) (14)
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DIMENSIONLESS RADIUS x

0 0.2____0.4____0.6____0.8 1.0

A B

Fig. 4 Dimensionless deflection, radial displacement, and shearing
stress.

so that Eq. (13) may be approximately replaced by a sequence
of Fredholm integral equations of the second kind with degen-
erated kernels

<*n+i(x) - \l
QGn(x,s)an+l(s) ds = Fn(x)

( 0 < x < l , n =0, 1 , 2 , . . .) (15)

As a result, a solution of Eq. (15), i.e., an approximate solu-
tion of Eq. (13), is obtained

i = 0

where C/11 +1} = otn + i(x/) for / = 0, 1, . . . , N, and are deter-
mined by a system of linear algebric equations

N

(i = 0, l , . . . , 7 V ; / 2 =0, 1 , 2 , . . . ) (17)

In the above,

(7=0 , 1 , . . . , M ; * = 0, 1 , . . . ,

ft * = 0, 1 . . . . . A O (18)

(19)

G* u and /^ / are values of the functions G* and Fn , respec-
tively, at the nodal points (x/, Sj) and (#/) on the uniform meshes

, % = (//M)

( i=0 , 1, . . . , N;j = 0, 1,2, . . . , M )

N M
The expressions $/(A:) and $,-(5) are multiknot cardinal spline
functions23 with degree not less than 3. The integers TV and M
denote total numbers of equal intervals that are divided from
0 < x < 1 and 0 < s < 1, respectively. The integrals of Eq. (19)

can be obtained in simple closed form, and few bjk need to be
calculated, most of them being zero according to the local
nonzero character of the multiknot cardinal spines. Corre-
spondingly, the terms that take part in summing up in Eq. (18)
are few.

Eventually, solving successively Eq. (13) by an efficient
Gaussian elimination scheme and substituting the [C/n+1)]
into Eq. (16), the desired solution of Eq. (7), which fulfills the
requiring precision, may be obtained if the mesh spacing is
sufficiently small and the iterations converge.

The convergence theorem of the previously mentioned itera-
tion procedure has been given in Ref. 24. In the numerical
analysis, the following numerical criterion for convergence is
employed

en s max { I an + i(xf) - «„(*/) I ) < 10" (20)

Test calculations were made with 10~8 instead of 10~4. The
replacement had no significant effect. In all cases, except in
the vicinity of critical points, solutions that fulfill condition
(20) can be obtained after four or five iterations due to the
quadratic rate of convergence of the Newtonian iterative pro-
cedure.

The numerical procedure just described is started as fol-
lows. For any given values of all of the parameters except p,
the latter is chosen sufficiently small that the linear solution
[obtained by suppressing nonlinear terms in Eq. (7)] is ade-
quate. With this as a starting solution, one may obtain the
desired nonlinear solution, written as a(x, p), corresponding
to the value of p by the earlier iterations. Having the solution
ct(x, P) for any load parameter p, the initial iteration for a
load parameter p + Ap is taken as a0(x, P + A/?) = a(x, p)
and the iterations are performed. It is observed that the num-
ber of iterations required for convergence increases as p -»pc
(i.e., the buckling load) from below—i.e., on the unbuckled
branch.

Following this procedure, we use as an initial iteration an
unbuckled solution and have no difficulty obtaining a buckled
solution for p =p + Ap, provided Ap is not too small. The
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Fig. 5 Dimensionless membrane stress and bending stress compo-
nents.
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solution thus jumps from the unbuckled to the buckled state
when pc is exceeded. Once buckling has been observed, which
is obvious from the large changes in the solution—i.e., a jump
in the deflection—we employ a(x, p)on the buckled branch as
a starting iteration and proceed as before, now obtaining
buckled solutions for increasing and decreasing values of the
load about pc. As p —>/?/,, the buckled solutions require more
iterations for convergence. When the load is finally reduced to
P = Pb ~ AA below the lower buckling load, the solution
jumps back to a previously obtained solution. Thus, for the
interval Pb<P<Pc-> we obtain two or more distinct sets of
solutions of the system of algebraic equations (17), no doubt
corresponding to the pair of nonunique solutions of the
boundary-value problem.

The numerically determined upper buckling load pc is de-
fined to lie in the interval

(21)

if an unbuckled solution has been obtained for p = p, and
using the solution as the initial iteration, a buckled solution is
obtained forp = p + A/?. The lower buckling load is located in
a similar manner. For these determinations we use A/? as small
as possible until we have located pc and pb to a satisfactory
accuracy.

IV. Discussion of Solutions
Here we adopt multiknot cardinal spline functions of third

degree to carry out numerical calculations in the case of
v = 0.3 for two kinds of corrugated diaphragms. The mesh
spacing is chosen as Ax = As = At = 0.016666, and the results
obtained are given in Figs. 2-9, of which Figs. 4-9 are in
dimensionless form.

Figure 2 gives characteristic load vs central deflection curves
for the circular corrugated diaphragm with edge rigidly
clamped. The results coincide very nearly with experimental
results in Ref. 9 and analytic ones in Ref. 18 as w0/h < 2.5.
Our results are closer to those in Ref. 9 than those in Ref. 18.
As load increases, theoretical results in Refs. 18 and 9 move
away from the experimental results in Ref. 9 toward lower
deflections, but our results move toward higher deflection and
almost coincide with the results reported in Ref. 16, which
were obtained by orthotropic plate theory. Figure 3 gives the
characteristic curve of the corrugated diaphragm of Fig. 2
with four different boundary conditions (1-4), in which solid
lines represent the response to pressure from above, and dot-
ted lines represent the response to pressure from below the
diaphragm. The solid line and dotted line corresponding to the
same edge condition are different. This means there is a differ-
ence in the elastic response and such difference becomes larger
for larger deflections. It is impossible for the orthotropic plate
theory to identify such characteristics. We also see that the
corrugated diaphragm is more flexible in the case of a simply
supported edge and more rigid in the case of a rigidly clamped
edge.

Figures 4-7 give the displacements and stresses of the corru-
gated diaphragm of Fig. 1 in cases of a rigidly clamped edge
and a simply supported edge in dimensionless form, with
p = 500. The dimensionless deflection and radial displacement
are defined as the following:

W = Vl2(l - v2) (w/h)

U=

(22a)

(22b)

They are plotted in Fig. 4. It is easy to see that the corrugated
diaphragm in the case of a simply supported edge is slightly
more flexible than that in the case of a rigidly clamped edge.
But for radial displacements, near the outer edge, there is an
obvious difference between these two cases. Besides, the varia-

tion of U exhibits a pattern at the same wave frequency as the
number of corrugations.

We define the dimensionless quantities of local normal
stress and shearing stress as follows:

12(1 -
Eh-

12(1 - ^

(23a)

(23b)

According to the theory of thin shells, the normal stress is a
small quantity that can be neglected. The shearing stresses
have a parabolic distribution along the thickness and vanish
on the upper and lower surfaces. They have a maximum value
T at the neutral surface (z = 0) of the shell that is related to the
shearing force Qr by the expression

T = 3Qr/2h (24)

This stress is plotted in Fig. 4 in dimensionless form, in which
there is a noticeable difference in the curves for a rigidly
clamped edge and a simply supported edge near the edge. The
shearing stress varies with double frequency and has a maxi-
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mum positive value at r = 0.6/*! and a minimum in the neigh-
borhood of the outer edge. In comparison with other stress
components given later, the shearing stress is very small and
can be neglected.

Membrane stresses o? and a% are uniformly distributed
along the thickness of the shell. They have the following
relations with membrane forces:

o? = Nr/h (25a)

(25b)

Bending stresses of and o# are linear functions of the coordi-
nate z along the thickness and have the maximum and mini-
mum values on the upper and lower surfaces of the corrugated
diaphragm. Bending stresses have the following relations with
the bending moments:

(26a)

(26b)

= ±6Mr/h2

ob
d(±h/2) = ±6Me/h2

The positive sign corresponds to lower surfaces and the nega-
tive sign to upper surfaces when the loading is from above.

In cases of a rigidly clamped edge and a simply supported
edge, Fig. 5 gives, in order, radial membrane stress, radial
bending stress on the lower surface, circumferential mem-
brane stress, and circumferential bending stress on the lower
surface in dimensionless form, i.e., of, of, oj1, and ob

e accord-
ing to definition (23a). It should be pointed out that, although
the results obtained in the interior region of the corrugated
diaphragm in cases of a rigidly clamped edge and a simply
supported edge are different throughout, it is only in a narrow
region near the outer edge where this difference becomes
noticeable.

The top graph of Fig. 5 shows that the radial membrane
stress is very small, so that we had to enlarge the scale of the
ordinate to make it distinguishable. The top and the second
graph of Fig. 5 indicate that the radial bending stress of is
much larger than the radial membrane stress tf?. In comparing
the two, the latter can be neglected. The lower two graphs of
Fig. 5 represent circumferential bending stress 0% and circum-
ferential membrane stress dj1, whose magnitudes are of the
same order.

(3) (2) (4) (1)

i J u m m m t M M iyyvAA/N
-425.3U-

30000
E = 100 000 MPa
h = 0 . 2 mm
v = 0.3

20000

10000

0 50 L 100 150 200 250

DIMENSIONLESS DEFLECTION V0

Fig. 8 Curves of loading and unloading processes with snap
throughs and snap backs.

SIMPLY SUPPORTED EDGE

Fig. 9 Original and post buckling cross sections of diaphragm under
two different edge support.

Among the previously mentioned four stress components,
membrane stresses exhibit the same wave frequency as the
corrugated shape; bending stresses exhibit double frequency.

The total stress components in the lower (plus) and upper
(minus) surfaces are as follows:

= a? ±ab
r(h/2) (27a)

(27b)

Figures 6 and 7 give the total radial and circumferential
stresses on the upper and lower surfaces for a rigidly clamped
edge and a simply supported edge in dimensionless form.

Figure 8 gives the elastic characteristic curves of the loading
process of the corrugated diaphragm with three sine-shaped
waves under four kinds of boundary conditions, as previously
expressed, and the unloading process characteristic curves un-
der the boundary conditions of a rigidly clamped edge (case 3)
and a simply supported edge (case 1). It is not difficult to see
that, as the load is continuously increased or decreased, the
routes of these two processes are different. In the curves of the
loading process appear two or three discontinuities (snap
throughs) and in the unloading process there appear two or
one discontinuities (snap backs). As a matter of fact whether
the edge is rigidly clamped or simply supported, the unloading
curve of the diaphragm, after all of the wave peaks disappear,
intersects the abscissa almost at the same point L, and does
not return to the origin of the coordinate system, which signi-
fies that, even though the whole load has vanished after all of
the wave peaks of the corrugation disappear, the corrugated
diaphragm cannot recover to its original shape. This case is
similar to the snap through of a spherical cap with a negative
snap-back load, which is well known, where even if the load
has been moved away from the buckled cap, the cap does not
return to its original shape but maintains a residual deflection
due to the stored energy. Taking case 1 of a simply supported
edge as an example, the loading curve has three discontinu-
ities: the p values at these discontinuities represent the first,
second, and third snap-through loads pc\, pc2, and /?c3
(Pc\<Pc2<Pc3), respectively, and the unloading curve has two
snap-back loads pb\ and pb2 (pb\ >Pb2)> The route of the load-
ing process is O-A-B-C-D-E-F-G with snap through at load pci
between A and B, snap through at Ioad/?c2 between C and D,
and snap through at load pc3 between E and F. The route of
the unloading process is G-F-H-I-J-K-L, with snap back at
load pbi between H and I, and snap back at Ioadpb2 between
J and K, and eventual intersection of the abscissa at point L.
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Figure 9 represents the shape of the initial axial cross section
of the corrugated diaphragm and the shape of axial cross
section including the results of the discontinuities of the char-
acteristic curve of Fig. 8 under a simply supported edge and a
rigidly clamped edge [Y = Vl2(l - v2) (w + w/)//*], in which
solid lines and dotted lines correspond to results of the loading
and unloading processes, respectively. From the upper part of
the figure, we see that, for the case of a simply supported
edge, as the load increases gradually from zero to the first
snap-through loaded, the wave near the outer edge begins to
snap, then as the load increases to pc2, the next wave snaps,
and then the load decreases to/?c3, the wave near the center of
the corrugated diaphragm snaps and provides the final insta-
bility. At this time, the axial cross section of the corrugated
diaphragm becomes rather flat (i.e., the curvature of the me-
ridian line is very small everywhere), and afterward, the rigid-
ity of the corrugated diaphragm rises sharply (see Fig. 8).
From now on, as the load increases further, there is no more
snapping of the corrugated diaphragm. If after this we unload
gradually and the load decreases to/?M, the diaphragm experi-
ences the first snap back and the second wave jumps back. As
the load decreases to pb29 the wave near the outer edge of the
corrugated diaphragm jumps back. After this, the load de-
creases continuously until all of the load is released (p = 0)
and we see from the figure that the wave near the center has
not snapped back. The central deflection of the corrugated
diaphragm is and remains at point L in Fig. 8.

The snap-through and snap-back processes are different in
the case of a rigidly clamped edge. Because of the edge condi-
tion, the wave that experiences the first snap through is not the
first one near the outer edge, but the second one. As the load
continues to increase, the peak of the wave near the outer edge
gradually disappears but no snap through occurs. Therefore,
on the loading curve in the case of the rigidly clamped edge,
there are only two discontinuities. If, after this, we begin to
unload gradually, two snap backs will occur, but as the di-
aphragm is completely unloaded (p = 0), the wave of the
corrugated diaphragm near the center has not snapped back.

From the figure, we see that, no matter whether the edge is
rigidly clamped or simply supported, the wave near the center
does not snap back, unlike the two waves near the outer edge,
which return to the initial position they had prior to buckling.
Therefore, the edge condition has only a small influence on
the central deflection, and thus, curves of the unloading pro-
cess in cases of a rigidly clamped edge and of a simply sup-
ported edge intersect with the abscissa at almost the same
point L.

V. Conclusions
1) Elastic response are different for loads acting in opposite

directions on the diaphragm. The larger the deflection is, the
greater the difference is.

2) The transverse shearing stress r and the radial membrane
stress o? are negligibly small when compared with the other
stress components.

3) The distribution of stress and displacement in a corru-
gated diaphragm exhibits the same oscillating behavior as the
wave shape of the diaphragm.

4) The loss of stability, i.e., the buckling of a corrugated
diaphragm is a phenomenon consisting of a series of local
instabilities of the individual waves. When the number of
waves is large, the number of wave snap throughs is also large.
The total number of snap throughs is, however, never greater
than the number of waves.

5) When buckling has occurred, the loading and unloading
processes may have different characteristics, i.e., the elastic
behavior of the diaphragm in the unloading process after m
snap throughs and n snap backs (m>n) may be completely
different from elastic behavior during the loading process.

6) After buckling, and subsequent complex unloading, cer-
tain waves may not return to their initial prebuckling state.

This paper provides a theoretical foundation for the exten-
sion of the use of corrugated diaphragms into control ele-
ments, and its results can be adapted directly as design data
for engineering use. As far as we know, the corrugated di-
aphragm has not yet been used as a control element.
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