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Abstract—This paper proposes a new mechanics model and a semi-analytical method to solve the
problem of a thin strip on an elastic foundation stamped by an elliptical rigid punch. The strip was
divided into three parts according to its contact with the punch and foundation. Analytical solutions
were derived individually for each part using the theories of contact mechanics and strip bending
with Jarge deflection. A numerical algorithm was then developed to obtain the interface forces
through an iteration by considering the compatibility conditions of deformation between the neigh-
bouring parts of the strip. The main advantages of the present method are that it relies on fewer
assumptions, is with clear mechanics meaning throughout the analysis, and makes the calculation
more efficient. Copyright € 1996 Elsevier Science Ltd.

NOTATION

a. b half lengths of the minor and major axes of the ellipse-based cylindrical punch, see Fig. 1

¢ half {ength of the contact zone between the punch and strip

& half length of the contact zone between the strip and foundation

E Young’s modulus

F external stamping force per unit width

h thickness of the strip

I the second moment of area per unit width of the strip cross section =4%/12

ky elastic stiffness of the elastic foundation

m dimensionless bending moment, defined by eqn (10)

n dimensionless shear force, defined by eqn (10)

q contact stress

r dimensionless normal radius of ellipse, defined by eqn (9) (see also Fig. 4)

ds dimensionless length of an infinitesimal strip element, defined by eqn (9) (see also Fig. 4)

1 dimensionless membrane force of the strip, defined by eqn (10)

w deflection of the foundation surface, in the p-direction

w deflection of the cantilever beam, vertical to the z-axis, see Fig. 2(c)

X,y global Cartesian coordinate system, defined by eqn (9). (see also Figs 2(a) and 3)

z local axial coordinate of the cantilever beam, with its origin at end A4, see Fig. 2(c)

Ya computational parameters, defined by eqn (11)

g polar coordinate variable of ellipse, see Fig. 3

17 included angle of the external normal of the deformed strip surface at ¢ with the positive direction
of y-axis, see Fig. 3

@ included angle of the tangent of the deformed strip surface at 8 with the positive direction of x-axis,
see Fig. 3

K curvature of the strip

Subscripts

¢ cantilever beam

d elastic foundation

e elastic limit

n normal direction

p punch

t tangential direction

0 central point

1 contact-off point

*On leave from Shanghai Jiao Tong University, Department of Mechanical Engineering.
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1. INTRODUCTION

Stamping a thin strip on an elastic foundation by a rigid indenter is a mechanics problem
commonly encountered in various engineering fields and has been studied extensively for
some decades. However, the topic is still challenging because it poses a three-body contact
problem involving the determination of the interface stress distributions between the strip
and punch, and the strip and elastic foundation. The deformation of the system involves
strong non-linearity associated with the interaction of the membrane force and bending
moment.

A number of parametric studies have been carried out to understand the combined
effect of plate and foundation properties through the modelling of plate deformation
(Geiger, 1991 ; Low, 1981 ; Neumeister, 1992 ; Ratwani, 1973 ; Sankar, 1983; Ye, 1994;
Zhang, 1995) and to provide a refined analysis of elastic foundation (Dempsey, 1991 ; Fan,
1994 ; Razaqpur and Shan, 1991; Girija, 1991). Nevertheless, the solution has not been
very satisfactory because of the following problems:

(1) If an analytical approach is used, the distributions of the interface contact stresses
are assumed a priori (e.g., Zhang, 1995), which limits the applicability of the solutions in
terms of the indenter profiles, the ratio of the thickness of strip to punch radius, and the
variation of the material propertics of the strip and elastic foundation.

(2) A pure numerical analysis (e.g., Geiger, 1991) needs a considerable computational
effort for the study of each specific case.

Accordingly, the development of a practical mechanics model and a corresponding
solution method is of great importance. This paper proposes a new mechanics model to
study the deformation mechanisms of a thin strip stamped by a rigid elliptical punch on an
elastic foundation. Based on this, a semi-analytical method is generated to calculate the
interface forces.

2. THE MECHANICS MODEL

Consider the stamping of a thin strip (thickness: 4) on an elastic foundation by a rigid
ellipse-based cylindrical punch (half lengths of the minor and major axes: a, b). The
deformation of the strip is in plane stress and is symmetrical to its central line, as shown in
Fig. 1. The contact zones and interface stresses between the punch and strip and the strip
and foundation are unknown in advance, which are functions of the punch stroke in the
stamping process. Because of the symmetry of deformation, however, we can study half of
the strip only. In order to analyse the problem properly, let us divide the strip into three
parts according to its contact with the punch and elastic foundation (Fig. 2(a)): (1) the
central part A’ A, where the strip is in perfect contact with both the punch and foundation
surfaces, (2) the transition part AC, where the strip is in perfect contact with the foundation
but has no contact with the punch, and (3) the free part CD, where no contact takes place
with either the punch or foundation.

Elastic foundation

Fig. 1. Stamping a strip on an elastic foundation.
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Fig. 2. The mechanics model.

The curvature of the central part is a known function which is identical to that of the
punch surface. The contact stresses on the strip of this part are the normal contact stresses
between the strip and punch, g,, and g,,, and the normal and tangential ones between the
strip and elastic foundation, ¢,, and ¢,,. However, g,, is negligible compared with g,,. Thus,
we will ignore it in the following analysis, see Fig. 2(b).

The transition part can be modelled as a cantilever beam subjected to both normal
and tangential stresses, ¢,,and g,, due to the interaction between the strip and foundation,
see Fig. 2(c). The end A4 of this part is the contact-off point between the punch and strip,
and end C is the contact-off point between the strip and elastic foundation. The boundary
conditions of the cantilever must be specified to guarantee the continuity of stresses and
deformation across these two ends, i.e.,

(a) The bending moment, membrane and shear force are zero at C.
(b) The deflection and its slope, bending moment and membrane force are equal to
those of the central part at 4.

The free part of the strip, CD, does not deform during stamping. Its displacement
relies on the deflection and deflection slope at end C, and can be calculated easily when the
solution to AC is obtained. Hence, we will ignore this part in the following analysis.

To simplify the calculation of the contact stresses, we assume that the normal reaction
of the elastic foundation follows the Winkler’s hypotheses, and that the tangential contact
stress between the strip and foundation is proportional to the normal stress, i.e., ¢4 = {4
where u is the friction coefficient. In the next section, we will first obtain the analytical
solutions to parts 4’4 and AC, and then calculate stresses using a numerical scheme in
conjunction with the compatibility conditions of deformation between the two parts.
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Fig. 3. The elliptical punch.

3. SOLUTIONS

3.1. Mathematical description of the mechanics model
The equations of strip bending of large deflection can be expressed as (Yu and Zhang,
1996)

——=sing, -——= =K, (1)

where X and Y are Cartesian coordinates, ¢ is the included angle of the tangent of the
deformed strip surface at 6 with the positive direction of X-axis (Fig. 3), dS is the length of
an infinitesimal strip element (Fig. 4), E, is Young’s modulus of the strip material, 7 is the
second moment of area per unit width of the strip cross section, x is the curvature, and M
is the bending moment. The equilibrium equation of the strip with large deflection can be
written as

rdfT N+RQ, =0

d¢+ + Qt"‘ >

dN

a0 T+RQ, =0, 2)
df RN =0

dp 7

where T is the membrane force, N is the shear force, 9, and Q, are normal and tangential
stresses, ¢ is the included angle of the external normal of the deformed strip surface at 0
with the positive direction of the Y-axis, and R is the curvature radius of strip, see Figs 3
and 4. According to the assumption of Winkler’s foundation, we have

J
dé
R
Q, M+dM
e =
T+dT
N B
7 -C oy
t
N N+dN ds

Fig. 4. A strip element in equilibrium.
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Quu=kiW. Q.= pk,W, 3

where k&, is the stiffness coeflicient of the elastic foundation, u is the friction coefficient
between the strip and elastic foundation, W is the surface deflection of the foundation, and
Q..and Q,, are the normal and tangential contact stresses between the strip and foundation.
Furthermore, the compatibility conditions between parts 4’4 and 4AC can be expressed as

M(O7) = MO7), T(0r)=TO), W) =WeO), o) =0, 4)

where 0, is the polar coordinate at the contact-off section A, with the superscripts ‘—’ and
‘+ indicating parts 4’4 and AC, respectively. The compatibility conditions state that the
deflection of the strip is a continuous function of C*. Equations (1)—(4) can also be written
in non-dimensional forms to generalise the solutions:

& o Y e s
& cos @, ds = sin ¢, & = nym = o
[ di
ag +n+y.rq, = 0’
dn
dm 6 0
-5, —Oyrn = )
de) ’}..
Gua = N2W, Qo = N2 W, (7
w0 ) =w(ly), o) =00), mlr)=m@7), (0 )=1t07), (8)
where
X Y R ds w
sz/i, V=—=, r= —_—, ds = —., W=, (9)
Jab V/ ab Jab Jab a
E
M, = %Ur‘hz, N.=ah, T,=0h k,= 27‘11,
M N T 0
[ = — = — = — 1
m M(,’ n Nk.’ t Te’ q O’J,’ ( 0)
b Jab 20, /ab _E;\Ja
TTe T R nl-E\v h 7’ 172_20,, /b’
Y
@ E hbE, bhE, h’b*E,
1 4 = =— =— (11)

B %haﬁ e = 2da,’ 5= 4a’c,’ Mo = 24a‘s,’
where o, is the yield stress and E, is Young’s modulus of the elastic foundation.

3.2. Solution to part A’A

The deformation of the strip in this zone follows exactly the geometrical profile of the
punch. Therefore, using the geometrical equation of an ellipse, the deflection function of
the strip can be written as (se¢ Fig. 4)
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1 1 ,
x=/yising, y=—=[cosO—1], r=——=./(sin>0+yicos’0)’, (12)

w=(w,+cosf—1), w,=(1—cosb, +w,), (13)

where w, is the punch displacement at the punch centre, w, is the displacement at the
contact-off point 4, see Fig. 2(a). The bending moment and shear force in the strip can
easily be determined when eqn (12) is substituted into eqns (5) and (6):

LE UE

m(f) = , m(O7) = : ’ (14)
(sin®6+y{ cos 6)° l (sin® 6, +7¢ cos® 0, )’
_ .2 .
n(6) = dmdf 1 —nl )il)cosﬁsm(?’ as)

©dO de 6y.r (sin?0+yicos?d)?

where the relationship between 6 and ¢ is shown in Section A.1 of the Appendix. Using
eqns (7) and (13), the contact stresses between the strip and elastic foundation can be
expressed as

Gna = N2(w; —cosf, +cos ), q,,= pun,(w, —cosb, +coséb). (16)

Accordingly, the membrane force of the strip and the normal contact stress between the
punch and strip are

10) =t,— f n d? dé— JQ 72790 A€

o d
to+ [1 ! jl [ 0,)G,+G,] (17)
= —_—————— | — W, —COS
o yP (sin?@+77f cos? )’ ek S
and
dn do\ 1
= — = _——_— 8
qn qnp qnd7 qnp qnd+(t dg dd))yzra (1 )

when eqns (15) and (16) are substituted into eqn (6). In the above expressions,

0 (e}
G, = J J(sin’ E+yicos?E)dE, G, = J cos é\/(sin2§+yf cos® &) dé, (19)

0

da nel ,,€08 26(sin” 8+ y{ cos §%) — 6(1 —y7) cos® fsin’
T - -7
o (sin” 0+ 72 cos? 0)°

(20)

and ¢, is the dimensionless membrane force at the central section A’ of the strip. The
calculation of G, and G, above is shown in Section A.4.1 of the Appendix.

3.3. Solution to part AC

As shown in Fig 2(a) and (c), the distributed load of this part is related to both the
displacement at the contact-off section 4 and the deformation of the beam itself. Hence,
according to eqn (7), the loads on the beam can be expressed as
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Gue = MW = '12|:Wl (1 - %>—~W’ cosd)l], Gie = UGnes O0<z<S L (21)

where ¢, is the ¢ value at section 4, w’ is the deflection of cantilever beam which is in the
same direction of punch normal at point 4, as shown Fig. 2(a), L is the length of part AC
when ignoring its deformation and L’ is its length after deformation. In eqn (21), the first
term in the square brackets is the surface deflection of the foundation when part AC is
rigid, and the second term is caused by the deflection of 4C. Consequently, the bending
moment and membrane force can be expressed as

"= f f " gudedy = j fn [wl (1 - %)—w'cosdn]dwdf,
z & z &

m(ft) = .[L' JL’ 72 {wl <1 - %)—w’ cos d)l:ldlﬁ dé, (22)

1= J g dé = J #ﬂz[%(L—f)_W' COS¢1}d5,

z

(67) = f unz[%(L—é)—W’cowl]dé, @3)
where
W= J 729 4¢. (24)
, COs¢

3.4. Iteration technique

w, and 7, in the solutions of parts 4’4 and 4C must be determined by the compatibility
conditions. To simplify the procedure, we start the iteration by ignoring the deformation
of part AC. A simple algorithm can be specified as follows:

(i) give contact-off angle 9,,
(i) calculate the internal forces of part AC by ignoring its deformation (see Section A.3 of
the Appendix for further details), i.e.,

= -2 = L= 25
qm‘ - rllw] L 1) qt(' - uqncs - Sin(ﬁl ( )
L L 2 3 3
"2W1L z rlzw'l
m= redydé = ———1—-=], mf)=—""—"—, 26
LL(] v 6 ( L> () 6sin® ¢, (26)
L 2 2
& ﬂﬂ2W1L z + ,urlzwl
= = —_— _ 2
t J; qlc dg 2 <1 L) ’ t(el ) Zsin¢1 ) ( 7)

(iii) determine w'®,t’ with the compatibility conditions by eqns (14), (15), (26) and (27)
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Wi = \/ i 28)
12/ (5in 8, + 73 cos? 6,)°
prawi 1 1
=7 [* - }F pl(w, —cos0,)G, —G,],  (29)
* 7 2sing, ’ y8  (sin® 0, +7} cos* 6,)’ s v ’

(iv) calculate the deflection of part AC, see Section A.2 of the Appendix,
(v) determine instant contact-off point C where ¢ = 0, and then calculate L',
(vi) correct the internal forces of part AC, m and ¢, using

" VA . . .
gy =1, [Wﬁ”(l - Z)—(w/)“’ cos 4)1} g9 =g, 0<z< L, (30)

which gives rise to

m(07) = LL LL' 12 [w‘,” (1 - f) — n’(’):|dl[/ dé,
Hory = J " s [w‘,” (1 - %) - M)tﬂ]dg, 31)

(vii) calculate w{*" using the compatibility conditions, eqns (14), (15) and (33); here an
internal iteration must be conducted until the compatibility conditions are all satisfied,
(viit) check the convergence according to criterion

Wi+ 1y _ Wi

= (32)

wi?

where ¢ is a small positive constant; if it is satisfied, do the next step, otherwise, return to
step (iv),
(ix) calculate q,,,,, G, 91 t, 7 and m.

4. A NUMERICAL EXAMPLE

The numerical results presented in this section were calculated on a 486D X33 PC using
the above algorithm. A complete analysis needs 10 minutes of computational time. Unless
particularly specified, the material properties and geometrical dimensions used are
E/E;= 100, ajh = 50, Ejo, = 875, h = 1.0 and o, = 240 (MPa).

The distribution of the normal contact stress between the strip and punch is shown in
Fig. 5, which demonstrates that the maximum stress moves from the centre towards the
edge of the contact zone as 7y, increased. It is not difficult to understand that when 7,
increases the surface of the punch becomes more flat, and therefore a stress peak near the
edge of the contact zone must appear. This is similar to the case of stamping with a flat
punch. However, when y, = | (i.e., the punch profile is circular), the maximum contact
stress will always be at the strip centre, as shown in Fig. 6.

Figure 7 compares the distributions of the normal contact stress between the punch
and strip and that between the strip and elastic foundation. It is clear that the contact
length between the punch and strip. ¢, and that between the strip and foundation, ¢’, are
different and vary during stamping. When the contact angle 0 increases, ¢’ approaches c.
However, as the punch is rigid, ¢’ is always larger than ¢. The softer the foundation, the
larger the ratio of ¢’ to c.
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Fig. 8. The difference between stamping with and without a foundation (£,/E, = 1000, a/h = 10).

In a blank stamping process*, a central gap appears between the punch and strip
surfaces when the punch displacement reaches a certain value (Sankar, 1983; Yu and
Zhang, 1996). Therefore, the contact force in this central zone must be zero. However, our
extensive analyses indicate that for the stamping with an elastic foundation, such central
separation does not happen, even when the foundation is very soft. Figure 8 is an example
that demonstrates clearly the difference of contact stress distributions between these stam-
ping processes.

Corresponding to the variation of the contact stresses, the internal forces of the strip,
m and n, vary significantly with the elliptical ratio y,. When y, = 1, the bending moment of
the strip in part 4’4 is constant and the shear force is zero. This indicates a pure bending.
When 7, < 1, the maximum bending moment is always at the strip centre. When y, > 1,
however, the maximum bending moment is always at the edge of part A’4. On the other
hand, the general feature of the membrane force is that its peak moves from the centre
towards the edge of the contact region with increasing y,. Recalling the effect of 7, on the
distribution of contact stresses discussed before, it is clear that y, is one of the most
important geometrical parameters in stamping.

5. CONCLUSIONS

(1) The main advantages of the present model are that it relies on fewer assumptions,
is with clear mechanics meaning throughout the analysis, and makes the calculation more
efficient.

(2) The model and method developed can be extended easily to solve the problems of
stamping with indenters of different geometries.
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APPENDIX

A.l. The relationship between 0 and ¢
The tangent and normal of an ellipse can be expressed as

V= - %tan 6+ C, (tangent),
1
¥2 =pixcot@+C, (normal). (A1)
Therefore, according to Fig. 3,
tanf d¢ 7
tangg = ——, —=—--"1
71 49 §in?6+y2cos?d

cos § = y7 cos? 0 ’ 4o _ (sin? 0+My,2 cos’ 6) . A2

sin? §+y2cos?@  d¢ 7

A.2. Some detailed formula derivation for part AC
According to the basic equations of plate bending subjected to large deflection, the deflection of part AC can
be expressed as

Lo
W/:J sm(pdé, (A3)
. cos@

where L’ is the length of part AC, see Fig. 2(a) and (c). In order to solve eqn (A.3), it is necessary to find the
relationship between the axial coordinate z and the slope of the deformed plate surface. Generally, the bending
moment can be expressed as

PL L "
m= J J nz[w, (1~Z)—w’cos¢.:|d|pdf. (A4)
Substituting (A.4) into the geometrical equation of plate bending gives rise to
dp _ mm N ]
E:co]—sq;::(;—s; | P% —wcos, |[dydE. (A.5)

Therefore,

sing =1, JL JL' ‘[L/[w, (1 — %)—w’ cos ¢,:|d¢ déde. (A.6)

Equations (A.3) and (A.6) are for analysing the deflection of part 4C. Because of the non-linearity involved,
they should be solved by an iteration method using the following formulae :
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1 gin o®
. sin
(W')('M:J o
= cos @

1 1 1 Kl
sin ¢ = (L)) s J j f [”L‘ (L—L7g)—(w)" cosdnl}dwdédc.

£

A.3. The calculation of deflection ignoring the deformation of part AC

When the effect of deformation of cantilever beam is ignored, according to eqns (5) and (25),

%: mm MW, (L—z),
dz cosep 6Lcosg

4
sing = i(l-(lf%) > i=sing, = r’ézz Lw,,

where ¢, is the slope of the cantilever beam at end C, see Fig. 2(c). Let

then

z sin ¢
Te=1- 1=
L A
Lcosgd
dz — pdo

400 —sing)’

The substitution of eqn (A.11) into eqn (A.3) immediately leads to

where

Lsi ?, Lsi d
u,,=fm_wdx=J _ Lsinede _ 6.

: Cose o 414 —sin @)

@ sin iy dy
Gr=|
¢ 4JA(A—siny)’

is an elliptical integration.

A.4. The elliptical integration
A.4.1. The calculation of G, and G, in eqn (19). If y, > 1, then

where

"
G, = f (1—3k? sin®  — ¢ k* sin®yy — - k® sinSy — = k® sin®y) dy

0

= g,0+9,5in 20+ (g; — g¢) sin*20 + (g, —g,) sin 40 — g, sin 86,

. =
0

= (sinf—;k* sin*0— - k* sin®0— - k° sin”0 — 25 k% sin’6),

12

=% 6 256 8 478 e

TR 3k sk 175k M KRS
o = 4 64 256 dooa | PTECT *

b e sys _ L e 3k 35K
95 = 35 K+ gu =5\ K+ =)

_ 5K ks L
9= G720 71920 TR0 KT S

0
G, = f cosy (1 —1k? sin® ¥ —ik*sin*yy — L k® sin®y — 5 k® siny) dyr

)

%))

(A.8)

(A.9)

(A.10)

(A1)

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)
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Ify, < 1, then

i
G, = | (I—5k*cos?y—gk* cos*p —k® cos®y — - k® cos®y) dys
v
= (9,0 —g, sin 20+ g, sin" 26 — g, sin 40 — g, sin 86), (A.17)
i
G, = L cos (1 —5k% cos?  — k* cosy — - k® cos®y — 5 k¥ cos®ip) dy
= h, sin —h, sin®@ — h sin*@— h, sin”@— hs sin®0, (A.18)
where
P O S R | W LSO B
ne 2% 16 1) T 2T 4T e T3 )
(8K* + 12k° + 75k%) (2k5 +5k*) skS .
L LA T L L e A19
s 2560 v 224 s K i (A-19)
A.4.2. The calculation of G, in (A.13). Letting
—4p* de ~
v = i—sing, do = *lli O<v<y =JA (A.20)
JT=(i—v")
G; can be rewritten as
G, = (A.21)
Using the Taylor series expansion, it becomes
G_.'()~_54)11) E4y2 4 30) paya 150 pane L1050 savk Ly s
=4 — (14348 +30 =) + 50— +55(2 =80 + - ] d¢
o Ji
(A22)

— g A+ A s i a2,

where

g, = J (1—u*)du, g, = [ (I—u*)'du, g, = j (1—u*)* du,
0 0

0 J

gs = ﬁ(l —u*) du, u= (1 . %) (A.23)

0



