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Abstract

In this paper we formulate the equilibrium equation for a beam made of graphene sub-
jected to some boundary conditions and acted upon by axial compression and nonlinear lateral
constrains as a fourth-order nonlinear boundary value problem. We first study the nonlinear
eigenvalue problem for buckling analysis of the beam. We show the solvability of the eigen-
value problem as an asymptotic expansion in a ratio of the elastoplastic parameters. We
verify that the spectrum is a closed set bounded away from zero and contains a discrete in-
finite sequence of eigenvalues. In particular, we prove the existence of a minimal eigenvalue
A* for the graphene beam corresponding to a Lipschitz continuous eigenfunction, providing a
lower bound for the critical buckling load of the graphene beam column. We also proved that
the eigenfunction corresponding to the minimal eigenvalue is positive and symmetric. For a
certain range of lateral forces, we demonstrate the solvability of the general equation by using
energy methods and a suitable iteration scheme.

1 Introduction

It is well-known from the materials science, physics, and chemistry literature, that there is intense
interest in studying the mechanics of structures made of graphene. Potential industrial applications
for graphene made structures are abundant. For instance, nanoscale devices that use graphene as
basic components, such as resonators, switches, and valves, are being developed in many industries.
Understanding the response of individual graphene structure elements to applied loads is therefore
crucially important (see [2], [5], [6], [7] and the references therein for a comprehensive list of
applications). In this paper, we analyze the effects of axial compression and nonlinear lateral forces
upon an idealized graphene beam. We prove the existence of a minimal ”buckling load”, which,
mathematically speaking, is not obvious due to the structure of the constitutive law relating the
stress and strain for a beam made of graphene. Furthermore, we prove the existence and uniqueness
of solutions for the equilibrium equation of the elastoplastic beam when the lateral force satisfies
a natural bound in terms of the elastoplastic parameters (and we prove non-existence, in certain
cases, when this bound is not satisfied). The Euler buckling of a simply supported straight elastic
beam subject to an end axial compressive load can be modeled by the equation:

EI"" + Pv" =0,0<z <L (1.1)
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with boundary conditions
v(0) = v(L) =2"(0) =" (L) (1.2)

where L is the length of the beam, E is Young’s modulus, and I is the area moment of inertia.
Integrating (1.1) twice gives
EIV" + Pv=0 (1.3)

when the last two boundary conditions from (1.2) are taken into account. Therefore the boundary
value problem (1.1)-(1.2) reduces to the well-known eigenvalue problem for the Laplacian in one
dimension:

EIv" + Pv=0 (1.4)

v(0)=v(L)=0 (1.5)

As is well known, system (1.4)-(1.5) yields a sequence of eigenvalues and eigenfunctions, providing
the following buckling modes and the corresponding buckling loads

. kmx km
vg(z) = s1n(T),Pk = El(f

2 k=1,2,3, ...

Furthermore, each eigenfunction of (1.4)-(1.5) is simple. The first buckling mode v; corresponds
to the well-known Euler critical buckling load P; = EI(F)?, which is sometimes called the onset
buckling load. This is used widely in engineering practice for designing weight supporting columns
of elastic materials.

The above Euler critical buckling load is derived based on Hooke’s law, relating the axial
stress 0, and the axial strain ¢, by 0, = Fe, and the assumption that during the deformation, the
cross-sections of the beam column remain perpendicular to the beam’s center line. This classical
result is generalized in [12] for Hollomon’s law o, = K |e,|" e,, where equation (1.1) is replaced
by:

(KIn|U//|n71U//)//+PU// :O (1.6)

v(0) = v(L) =" (0) =v"(L) (1.7)
and the critical load of (1.6)-(1.7) is given by:

2”(72,1+1/n)

2
P, = KI,
n-+1

where I, = [, [y|'*"dydz is the generalized area moment of inertia, and o 1 11/, = 2 fog cos(ﬁ)z_ﬂcw
is a generalized Pi. The first eigenfunction is defined in terms of the generalized sine function associ-
ated with 79 141/, by using the notation of the two parameter function developed in [13]. Graphene
material has been shown to be modeled by the following quadratic stress-strain constitutive law
(see (3], [4], [6], [8], [9], [10]):

0y = Eeg + Dlegles, (1.8)

where D is related to the Young’s modulus by the relation D = —7 fix called the effective non-
linear (third-order) elastic modulus [3] , and oymax is the material’s ultimate maximal shear stress.
For small strain, the elastic stress Ee, dominates (1.8), while the plastic stress Dle;|e; becomes
prominent for large strain. Notice that the ratio |%| = 4Ui — is the elastoplastic parameter which

we will use in our asymptotic analysis of Section 2. When this parameter is small then the mate-
rial’s ultimate maximal shear stress omax is very large, and the elastic behavior dominates. The




equilibrium equation for a grapheme made Euler-Beam subject to axial compressive load P, lateral
force f, and a nonlinear support g (all per unit length) is given by the fourth order equation:

EI" + DIQ(|'U”|UN)” + Py _,’_g(v//) _ f(g;),() <z <L, (1.9)

where I = fA y2dydz, In = fA ly|2dydz, and the z-axis being the off-plane direction and A is
the cross sectional area of the beam. We consider (1.9) along with one of the pin-pin (PP), and
pin-slide (PS), or the slide-slide (SS) boundary conditions:

(PP Conditions) v(0) = v(L) = v"(0) = v"(L) = 0 (1.10)
(PS Conditions) v'(0) = v(L) = v"”
(SS COnditiOnS) ’U/(O) -0 ( ) o

Using the non-dimensional variables and parameters:

0)=v"(L)=0 (1.11)

(
(0) = v"(L) =0 (1.12)

equation (1.9) can be rewritten as:
u" — o(ju|u") 4+ 2+ ) = f(z2). (1.13)
The boundary conditions (1.10)-(1.12) become:
(PP Conditions) u(0) = u(1) = u”(0) = v (1) =0 (1.14)
(PS Conditions) u/(0) = u(1) = «"(0) = u”"(1) =0 (1.15)
(SS Conditions) «'(0) = u/(1) = v""(0) = u""(1) =0 (1.16)
In the next section we will study a special case of (1.1 )
u"" —a(lu ") 4+ A (1.17)
with the boundary condition
w(0) =u(1) =" (0) =u"(1) =0 (1.18)

Here (1.17)-(1.18) represents the buckling problem for a Euler graphene beam which replaces
problems (1.1)-(1.2) and (1.6)-(1.7) for the elastic and Hollomon beams, respectively. In Section
2, we provide an asymptotic expansion of the first eigen-pair of (1.17)-(1.18) in terms of the
perturbation parameter «, and prove that, for small enough «, each eigen-pair is simple and
continuously dependent upon «, and we also establish the existence of an infinite sequence of
eigen-pairs of (1.17)-(1.18). In section 3, we show that all the eigenvalues of (1.17)-(1.18) are
positive and derive a lower bound for the smallest eigenvalue. This lower bound gives us a lower
bound to the critical buckling load of the graphene beam
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which means that the buckling load for the graphene beam column is no less then the Euler-
buckling load. In sections 4 and 5, we consider the global existence and uniqueness of solutions
for the boundary value problem equations (1.13) -(1.14), for the case of PP conditions. Similar
techniques are valid for the other boundary conditions. This way, we extend the results established
in [14] and [15] to the graphene beam with nonlinear support.
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2  Existence of Eigen-pairs and Buckling Analysis of the
Graphene Beam

We first present some formulations equivalent to the boundary value problem (1.17) and (1.18).

Integrating (1.17) twice, and applying the last two boundary conditions of (1.18) we obtain the
nonlinear eigenvalue problem:

' —alu”|u" + A= 0, (2.1)

u(0) =u(l) =0, (2.2)

which we call the u-formulation. Another formulation of this problem is obtained upon using the

substitution:

"
vV=1u

which turns (1.17) and (1.18) into the boundary value problem:

(v —alvjv)” + X =0, (2.3)

v(0) =v(1) =0, (2.4)
which we call the v-formulation.

Definition 2.1. If \,v solve (2.8)-(2.4) with A € R, v € H*(0,1), with v(0) = v(1) = 0, and v # 0
in the weak sense then, (\,v) is an eigenvalue and eigenfunction of (2.3)-(2.4).

Consider an eigen-value problem in the form:
w” + Mg’ (w) =0 (2.5)

w(0) =w(1) =0 (2.6)
The following theorem follows from Proposition 44.35 of Zeidler, 1985, [1]:

Theorem 2.2. Suppose that g : R — R is continuously differentiable function, with g(0) =0 and
g (w)w > 0 for all real numbers w # 0, and there exists constants c,d > 0 such that following
growth condition holds for all w € R: |g(w)| < ¢(1 + |w|?),|¢'(w)| < d(1 + |w|). Then problem
(2.5),(2.6) has infinitely many eigen-solutions (A, w;), with w; # 0,\; > 0 for all i € ZT such
that w; — 0 in H}(0,1) as well as \; — 0o as i — o0o.

Proof. To prove existence of eigen-solutions to problem (2.3) and (2.4), we show that it can be
transformed into an equivalent quasi-linear problem like (2.5)-(2.6). For this purpose, we define
the derivative of a continuously differentiable even function g by letting it’s derivative to be

g/(w) _ {ql(w)a lw| < ﬁ (2'7)

%sign(w), |w] > ﬁ

where ¢(v) = v — afv|v, [v| < 5=, w = q(v). O

Proposition 2.3. Let g’ be the function defined by (2.7), then problem (2.5),(2.6) has infinitely
many eigen-solution (\;,w;), with w; # 0,\; > 0 for all i € ZT such that w; — 0 in H(} (0,1) as
well as \; — o0 as i — 00.



Proof. By definition, ¢’ : R — R is odd, continuous, and it satisfies ¢’(0) = 0, ¢’'(w)w > 0 for all
real numbers w # 0. Let g(w) = [ ¢’(2)dz, then g(0) = 0 and g is an even function. By explicitly
solving g, one can verify that the growth conditions are also satisfied. Therefore, the Theorem
follows from Theorem 2.2. O

Theorem 2.4. Problem (2.3),(2.4) has infinitely many eigen-solution (N\;,v;), with v; # 0, v; €
H}(0,1), and \; > 0, for alli € Z7.

Proof. This follows from v; = ¢~ (w;) and the above Proposition. O

3 A Lower Bound of the Eigenvalues and Some Properties
of the Eigenfunctions

In this section we verify some properties of the eigenvalues, prove the existence of a minimumal
(first) buckling load, and derive a lower bound of the smallest eigenvalue. Physically, it makes
sense that there be a minimal positive eigenvalue—a so-called critical buckling load. We also give
a-priori estimates on the eigenfunctions in the W norm.

One technicality which gives us a little bit of trouble is that an eigenfunction v is not necessarily
smooth in (0, 1). In fact, if it has interior zeros it cannot be smoother than of class W2:°°(0, 1) near
those zeros (due to the presence of the |v| in our equation). Nonetheless, away from the zeros of a
continuous eigenfunction, and away from points where |v| = %, the eigenfunction must be smooth.
This can be proved using the same techniques as are used in the regularity part of the proof of
theorem 4.1 of section 4. Note that Theorem 2.2 gives us the existence of H? eigenfunctions for
(3.1)-(3.2). We first show that there exists a lower bound for all the eigenvalues:

Theorem 3.1. If A is an eigenvalue of (2.3)-(2.4) then A > %2

Proof. Proof. Let w be an eigenfunction associated to A\. Let v = ¢'(w), then by definition,
g (w) = ¢ *(w), therefore w = ¢(v). Solving the quadratic equation, we get v = 1=l -daw V21;4°”““ =

2w 1 _ —1+vI+dow _ 2w 1 :
A= for0<v <55 andv= o = for —5- < . In either case, we have

w 1++v/1+4aw
lg'(w)| = |v] < 2Jw]|. Since

1 1
/ |w' |2dx = )\/ g (w)wdzx,
0 0

1 1
/ |w'|?dx < 2/\/ wdx
0 0

< 2\ by the Poincaré inequality. Therefore, %2 < A. The theorem is

We have

fol |w’|?dx
fol w2dx
proved. [l

which implies 72 <

A-priori, we don’t know that there exists a smallest eigenvalue from the previous result. In the
following theorem, we will prove the existence of a minimal eigenvalue for (2.3)-(2.4).

Theorem 3.2. There exists a minimal eigenvalue \* of (2.8)-(2.4) satisfying \* > %2



Indeed, take a (decreasing) minimizing sequence of eigenvalues A\, — A* where A* = inf{\ :
A is an eigenvalue of (3.1)-(3.2)}. We will show that A* is an eigenvalue of (3.1) — (3.2). Now, by
Theorem 3.2, the associated eigenfunctions, satisfy:|vy| < 5=, |v}| < ;‘—Z Since A are uniformly
bounded, we see that vy are uniformly bounded in W1°° this implies that (upon passing to a
subsequence) v, converges strongly to some v in W'=%2 for all € > 0. By the Sobolev imbedding
theorems and trace theorem we see that v € Hg(0,1) and vx — v uniformly. This implies that

|vg|vg — |v|v uniformly. Hence, v € H{ is a weak solution of: (v — av|v|)” = —A*v and by the
previous theorem, we have\* > 72,
2
Since \ = %, this Theorem gives us a lower bound on smallest the buckling load P, for the

graphene beam as WQLEI , which is the Euler-buckling load for the corresponding linear beam model.

In the following, we show some regularity and properties of the eigenfunctions.

Lemma 3.3. Ifv(z) # % then v is smooth in a neighborhood of x.

This lemma is a consequence of standard elliptic regularity theory. One can mimic the argu-
ments in Section 4, for example.

Theorem 3.4. Let v be a continuous eigenfunction of (2.8)-(2.4) corresponding to an eigenvalue
A. Then |v| < 5= on [0,1].

Proof. Suppose that the conclusion of the theorem is false. Then without loss of generality we may
assume that v has a maximum at z = ¢ and that v(c) > 5. Now, because v has a local maximum
at ¢, v”(¢) <0 and v'(¢) = 0. Expanding equation (3.1) gives:

U’Ul2

V(1 = 2alv]) — 2« + v =0. (3.1)

]
Letting x = ¢ and noting that A > 0 gives a contradiction. |

Lemma 3.5. Suppose that v(a) = 0 for some a € [0,1] and suppose that b is the first number
larger than a for which v(b) = 0. Then,

A

!
< —.
|U|_2o¢

Without loss of generality, we may assume that v > 0 in (a,b). In this case,
V" (1 = 2av) — 200" + v =0

except, perhaps, at the points where [v| = 5=. Now, it must be that v'(a) > 0 since otherwise
v'(a) = 0 in which case the standard uniqueness theorem for ODE’s will imply that v = 0.
Similarly v’(b) < 0. Thus, v”(a) > 0 and v”(b) > 0. Hence, v" must achieve its maximum inside
(a,b). Say the maximum is achieved at c. Now, v(c) # 5 because otherwise v'(c) = 0 and v’
couldn’t achieve its max at c¢. Hence v is infinitely differentiable at ¢. Then, v”(¢) = 0 and

A A2 A

v'(e)? = Ev(c) < e = v'(c) < 50

Now there are two cases: v’ achieves its minimum in (a,b) or v’ achieves its minimum at b. If the
minimum is achieved in the interior then it must be bounded from below by 5—2‘ In this case

A

!
< —,
|U|_2o¢



On the other hand, by integrating (2.3) from a to b we see (using that v(a) = v(b) = 0) that:
v'(b) —v'(a) = =\ f:v(x)dx. This implies that v'(b) = v/(a) — )\f: v(z)dr > —=. Thus, in all
cases:|v/| < o

Corollary 3.6. Let (A, v) be an eigen-solution to (2.3)-(2.4), then
V(@) < _)\ [0,1]
v (2 Vo € .
— 2 ) Y

Consequently,
AA+1)

2
< AT
@)l < 2|1 — 2afv(z)||

Vo € [0,1]
It is well-known that for the corresponding problem with o = 0, the eigenfunction is unique up

to a sign difference. However, we are able to show that for the case o # 0, the following theorem
We now show that

Theorem 3.7. Let wy and wy be two eigenfunctions associated with The eigen-function associated
with the smallest eigenvalue \* of (8.1)-(3.2). If [|lw1 — wa||1,00 < %, then wy = wa.

This is a special case of proposition 5.1 below.

Theorem 3.8. Let A* be the smallest eigenvalue and let
S* ={w: —w" = Xg¢ (w).w(0) = w(l) = 0}.

Then, for every w € S
w(a) >0, Va € (0,1).

Furthermore, every w € S*, satisfies w'(1/2) =0 and w(zx) is symmetric about x = 1/2.

Proof. If w*(a) = 0 for some w* € S*, and 0 < a < 1. Let w,y(x) = w*(ax),z € [0, 1], then w,(0) =
we(1) = 0, and —w! (z) = —a?w*" (ax) = —a?\*g'(w*(ax)) = —a*\*¢'(wq(z)). Therefore, w, is an
eigenfunction with eigenvalue A = a?\* which is a contradiction to the fact \* is the smallest among
all members of S* satisfying w(a) # 0 for 0 < a < 1. Let v(x) = w(l — z), then ¢'(z) = —w'(1 —z)
gives v'(0) = —w'(1). Multiply both sides of —w” = A¢’(w) by w’, the integrate both sides
using ¢'(0) = 0,w(0) = 0, we get w?(z) = 2Ag(w(z)) + (w?(0) — £ ). Setting z = 1, we have
w'?(1) = w'?(0) Taking w(z) € §*,w'(0) = 1, then w'(1) = —1 and v'(0) = —w/(1) = 1. We have

shown that v a solution to the initial value problem v” = —\g'(v),v(0) = 0,'(1) = —1. Since
¢'(w) is Lipschitz continuous, the initial value problem has a unique solution, we conclude that
w(z) =v(x) =w(l —z),Yo € [0,1]. O



For each w € S§*, define

_Jw(22), 0<x<1/2,
w2 =\ e —a), 12<z<l.

Let Ao = 4)*, then ws is an eigenfunction with eigenvalue A\s. This procedure can be used to
generate a sequence of eigenvalue A\, = k2\* with eigenfunction wy, defined similarly for k = 2,3, ....

Corollary 3.9. Let \* be the smallest eigenvalues of (2.3)-(2.4), then {\r, = k*\*, k= 1,2,...} is
a sequence of eigenvalues.

4  Approximation of the Eigen-values

When o = 0, (2.1)-(2.2) reduces to the eigenvalue problem for the Euler elastic beam:

u + =0 (4.1)
u(0) =u(l)=0 (4.2)

whose eigenpairs are given by:
e = (k)2 uy, = sin(rkz), k= 1,2,3, ... (4.3)

In particular this linear problem has a discrete spectrum and each eigen-value is simple. Consider
the nonlinear graphene operator defined by:

NG(aa u) = U’H - a|u”|u”,u S H2(Oa 1) N H&(Oa 1)

Ideally, we would like to prove that Ng has a discrete spectrum. The next proposition is a first
step in this direction. We show that for each eigenvalue \i of the linear operator (the Laplacian)
there exists a continuously differentiable curve of eigenvalues to Ng(a,-), for small a. The proof
of these facts is based on the implicit function theorem as demonstrated below.

Note that we will use the notation < f,g > to denote the L? inner product of f and g:

< fg>= / f(@)g(x)da

Proposition 4.1. For each eigenpair (ui, A1) of (2.5)-(2.6), there exists ag > 0 so that there
exists a unique smooth curve (u(a), \(c)) of eigenpairs of Ng(a,u) defined for a < ag such that
A(0) = A1 and u(0) = uy.

Define F': R x H2N H} x R — L' x R in the following way:
Floyu,\) = (v — alu”|u" + M, < uf, v’ > — < ul,u) >)

F is continuously differentiable and F'(0,u1, A1) = (0,0). Now, we seek to prove that Fy, x(0,u1, A1) =
(" + M) w
<up,())> 0

NOW7 lf Fuy)\((),ul, )\1) |:

} is invertible. It is clealy surjective.

u

\ } = 0 then u and A have to satisfy the following system:

w4+ Mu+Adu; =0



and
<up,u >=0.
Multiplying the first equation by wj, integrating from 0 to 1, and integrating by parts in the
first term, and using the fact that uf + \u; = 0, we get:\ fol ufdr = 0 so that A = 0. Then the

first equation becomes
u" + )\1’& =0.

But since < u)},u’ >= 0 and since u; is simple, v = 0. The proposition then follows from the
implicit function theorem in Banach spaces. We now seek to find an asymptotic expansion of the
solution of (2.1)-(2.2) in powers of a . The zeroth order boundary value problem is (2.5)-(2.6)
whose solution is given by (2.7). The first order equation then reads:

" " 1
uy + Aqug = uf|uf — Aaug

UQ(O) = ’U,Q(l) =0
whose solvability condition gives:
fl |u//|u//u d
o U1 |UU1Q%
=-0 - =°
Jo lu1|?dz
In this way we obtain an asymptotic expansion:
u(z) = u1(2) + aus(z) + O(a?)
A= A1+ a4+ O(a?)

valid for small enough «, where us is the unique solution of the first order problem above.

5 Existence and Uniqueness of the Beam with Nonlinear
Support

In this section we want to prove existence and uniqueness of solutions for the elastic beam equations
with compression below the first buckling load, with a nonlinear foundational support, and subject
to a mild external force. In the next section we will show that the conditions we assume to
prove existence and uniqueness are more or less optimal. Consider the following non-linear elliptic
boundary value problem:

(1 =2alv|)v") + X+ g(v) = f, in (0,1) (5.1)
v(0) =v(1) =0 (5.2)

with a >0, A < %2, and f is a bounded function. Furthermore, g is a differentiable function which
is homogeneous of degree 2 or more and satisfies the following inequalities:

tg(t) <0,g'(t) <0 for all ¢.

The main result of this section is that if f is small enough in L?(0,1), then (4.1)-(4.2) has a
unique H? solution. Moreover, we show by example, that our result is in some sense optimal: if
f is positive and large enough then no solution exists. We prove the uniqueness before we prove
existence. We prove that if we have two solutions of (4.1)-(4.2) which are both small enough then
the two solutions must coincide. Define the following classes of functions:

Bs = {k e W"(0,1) : |kl <3}



(1;%), then (4.1)-(4.2) has at most one weak solution in Bs.

(e

Proposition 5.1. If § <

Suppose that vq,vy € Bs solve (1.1)-(1.2). Then, v = v; — vy satisfies the following equation:
v+ xv+ g(o1) = g(v2) = 2af((Jor| = [v2])|v1)" = (Jor]o")].

Now multiply by v and integrate by parts. Since v =0 at 0 and 1, all the boundary terms vanish
and we get:

1 1 1
Jo 10 AL J3 o2 = 3 o(u) = g(v2)) (01 = v2) 5.9
< 2a[fy [olloi[|v'] + |1 [o[?]

where we used

1] = |v2|| < |v1 — v

Because ¢’ < 0, we have that (g(v1) — g(v2))(v1 — v2) < 0, so we can drop the last term on the left
hand side of (4.3). By the Poincaré inequality, we have |v|r2 < L[v’|2. This and using the fact
that |v1],|v]] < 6, we see that

1
[v'12 < 2a6(1 4+ =)|v |z
T
Therefore, if 6 < (1 + %)’1%, then v’ = 0 and, using the boundary condition, the uniqueness
theorem is proven. The proof of existence will rely upon energy estimates and a suitable iteration

scheme. We will begin by proving the existence of a small solution in H} under a suitable condition
on f.In (4.1)-(4.2), we write v = 5=w and F = 2af. Then we get that v is a solution of (4.1)-(4.2)
if and only if w is a solution of:

(1= Jwhw') + Iw + 2@9(%10) =F, in (0,1) (5.4)

w(0) = w(1) = 0. (5.5)

Recall that A < %2 and G(-) := 2049(%-) satisfies the same conditions as g.

The main idea we want to use is that if F'is smooth and small enough, then, using the maximum
principle, w must also be small. Once w is small, the equation becomes uniformly elliptic and we
will then be able to deduce the existence and uniqueness of a small solution. We now prove
existence of an H' weak solution.

Proposition 5.2. Let h be a bounded, measurable function with |h| < 1. Then if w solves the

following semi-linear boundary-value problem ’
(1= |r)w") + Mw + G(w) = F, in (0,1) (5.6)
w(0) = w(1) =0, (5.7)
with tG(t) < 0, for all t. Assume further that A < § Then
1
- )

Multiply (4.6) by w and integrate from 0 to 1. Upon integrating by parts we see

1 1 1 1
/ (1—|h|)|w’|2dz—/\/ w2dz—/ G(w)wdz:—/ Fudz (5.8)
0 0 0 0

lw'[p2 < || L2

—
N=

10



Using the condition on h and that tG(t) < 0, we see that

1 /1 1 1
—/ |w'|?dx < |/ Fwdz| + )\/ |w|?dz.
2 Jo 0 0

Now, using the best constant in the Poincaré inequality on [0, 1], we know that

1 1t
/ lw|?dz < —2/ |w'|?dz
0 ™ Jo
1 /1 1 P!
—/ lw'|?dz < |/ Fwdz|+—2/ lw'|?dz
2 Jo 0 ™ Jo

Since, by assumption, A < 7’72,
1o, [t !
(_——2)/ ' |2 < |/ Fudz|
2 Vs 0 0

Using the Cauchy-Schwarz inequality and the Poincaré inequality once more we see:

1

— )

We now need the fact that H{ is imbedded in L*> in dimension one:
[fle= < |f']22

for all f € HZ(0,1). This is just a consequence of the Cauchy-Schwarz inequality. Therefore,

This implies that

lw'[p2 < || L2
v

~—
NI

1

|| <

m(

One may also try to prove this proposition using the maximum principle by seeing that the condition
on h implies that the ellipticity constant of our equation is 1— |h| > % However we wanted a simple

i
way to get exact constants in our bounds. Now assume |F|p2 < il 2] and define the following

2
sequence of functions w,, :

[Flz>
)

2
72

[N

wo =0, ((1 = |wp—1))w),) +wy + G(uy,) = F, in (0,1)

wp(0) =w,(1) =0

Using the theory of semi-linear elliptic equations in one dimension, we see that the sequence wy,
can be defined for all n (see, for example, [9]). Moreover, by Proposition 5.2, |wy,| < ﬁlFle
2772

and |wy|g < g

Thus we may extract a subsequence of w, which converges weakly in H'!, strongly in LP, for
some p > 2 and pointwise to a function w € H* N L>°. Moreover, |w|g < ﬁ“ﬂﬂ and
2772
1

|w|pe < m|F|Loo. Therefore, w is a bounded weak solution of (4.6)-(4.7). We now want

to show that w, in fact, belongs to H? with a certain smallness estimate. We aim to show that

%A)|F|L2 for all n. Thus the sequence w, is uniformly bounded in H' N L.
w2
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w € H?(0,1) with an appropriate bound. We will first show that w — @ € H?(0,1). Notice that

(w— %)” = ((1 — |w|)w")". Therefore, we can write or equation as

|wlw

O

where H is an L? function (H = F— w—G(w)). Using standard elliptic theory, w—% € H?(0,1).
Let v = w — w\2w\ Define the function ® with ®(x ) = x — 1z[z|. Now, ® is not invertible on the

whole real line. However, it is invertible on |z| < 4. From Theorem 3.2, we have |w| < 1, ¥ is

well-defined. Noting that ®'(z) = 1 — |z, we see that @ is invertible for |z| < 1. Call the inverse
V. By the inverse function theorem, |¥’| < 2. In fact, ¥ € W2, So, ¥(v) = w. Now we want to
transfer our regularity estimate for v to a regularity estimate for w. This follows by the chain rule
in Sobolev spaces. Now that w € H?, we can perform the following estimates: Take the equation

(1 —Jwhw') + A w + Gw) = F

and multiply by ((1 — |w|)w’)" then integrate from 0 to 1. Recall that G'(¢t) < 0. Then we see,
upon integration by parts in the second and third terms,

fo (1 — |w|)w")'|?dz — )‘fo |w'[2(1 — |w|)dz + fo G'(w)|w'|*(1 — |w|)dz
= fo (1 = |w))w')dz

Therefore,

Jo lw =22y 2dz — X [ ! [2(1 — |w])dz — f) G (w)|w! [2(1 — |w])dz
= P(w |w2|w)”d

Using the Cauchy-Schwarz inequality,

1
/l //2d /|u|2dz< /F2+|(w_|w2|w)"|2d2
0
/ | |w|w ”|2d2§/1F2dZ+2)\/1 |u/|2d2
0 0

Now recall that A < é and |w'[2, < ( )2|F'|2,. Therefore,

-

|w|w //2 1 2 ! 22’
/I Pz S (4 (73 %)))/OFd

1_
2

/|v”|2dz<(1+ /dez

and w = ¥(v). By simple calculations, |w”|r2 < 2(|U”|L2 + |v2|12). Therefore,

So,

1 1

|w|gz < 2(\/(1 + (ﬁ)mﬂm +(1+ (ﬁ)2)|F|QL2)

N
N

Thus we have proven the following theorem:

12



Theorem 5.3. Let v > 0 be given. Suppose that g is a continuous function on the real line
which is homogeneous of degree 2 or more. Suppose further that tg(t) < 0 and ¢'(t) < 0 for all t.

Suppose A < %2 Then there exists ¢c1 > 0 small (explicitly given below) so that if [ is a measurable
L? function on [0,1] with |f| 2 < <, then the following non-linear boundary-value problem has a
unique solution belonging to H?.

(1 =2afv)v')" + Av +g(v) = f (5.9)
v(0) = v(1) = 0. (5.10)

A
_ﬁ)

(VB

(

Moreover, there exists a constant ca so that |v|gz < i—;|f|L2 Here, ¢; = , and cg =

4 /0 + (=)2). B

G—2)

6 Nonexistence for Large External Force

Proposition 6.1. Consider the system (4.9)-(4.10). Take A = 0 and g = 0. Then there exists a
universal constant c3 > 0 so that if we take f = =, for ¢ > c3, then there ewists no solution to
(4.9) — (4.10).

Problem (4.9)-(4.10) reduces to

(1= afolp)’ = =,
v(0) = v(1) = 0.

Integrating twice and using the boundary condition yields
c
v—alvlv=—z(z—-1
ol = S5 — 1)

Factoring we get:
v(1—al)) = S22 - 1).
o

Since the right hand side is never zero in (0,1), the left hand side can never be zero either. Therefore,
v is either positive or negative in (0, 1). Moreover, since v(0) =0, (1 — 2a|v|) > 0 for z close to 0.
The right hand side is negative in (0,1). Therefore v is negative for z > 0 small. Therefore v is
negative in the entire interval (0,1). Therefore,

v+ av? = Ez(z— 1)
o

Take z = % Then,
1 5.1 lc
g ezl =33
So, if ¢ > 1, we see that the discriminant of this equation is negative so that no solutions exist.
Note that in the case that A =0, ¢; = 7 < 2 so that if the external force is less than g~ in L2, then
we have existence and uniqueness of an H? solution. Moreover, we have an example of an external
force larger than 1 in L? so that there exists no H'! solution to (4.9)-(4.10). Thus our result in
theorem 3.3 is, essentially, optimal both in the mathematical and physical sense. Physically, this
says that for a small enough lateral force we have a smooth deformation, but for a large lateral
force—"'small’ and ’large’ being determined by the basic physical constants in the system such as

the maximal strain op,.x, there is no smooth deformation.
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