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Abstract—A nonlinear dynamical theory of plane motions of a class of Cosserat curves is obtained and shown to
include a classical type elastica theory as a special case. The undeformed state of a simply-supported curve is
proved stable with respect to suitable metrics, provided the strain energy function is positive definite.

1. INTRODUCTION

NONLINEAR deformation theories of rods can be formulated by regarding a rod as a one-
dimensional directed continuum, i.e. a curve with a triad of directors or deformable vectors
defined at each point of the curve. The deformation of this “‘directed’ curve consists of
displacements of the points on the curve and independent stretches and rotations of the
directors. The directors can be interpreted as material elements in the cross section of a
rod and account for shearing, bending and twisting effects. The definition of a rod as a
curve with a triad of directors leads to a complete description of the strain in a rod, as
shown by Ericksen and Truesdell [1].

A nonlinear dynamical theory of elastic directed curves was developed by Whitman
and DeSilva [2], who postulated a Hamilton’s principle, conservation of mass and invari-
ance of the action density function under rigid body variations as governing the dynamical
behavior of elastic directed curves. These postulates were shown to yield a complete
dynamical theory, i.e. equations of motion, boundary conditions and nonlinear constitutive
equations. As a special case, the directors were constrained to be a rigid triad and a general
theory of Cosserat curves was obtained. The general theory of Ref. [2] can be considered
as a generalization of the statical theory of elastic directed curves presented by Cohen [3].

In this paper we further investigate the dynamics of Cosserat curves by restricting the
curve to plane motions. In Section 2 a consistent nonlinear theory is obtained and shown
to reduce to a classical type elastica theory by imposing the additional constraint that
the director frame rotate with the unit tangent vector to the curve. We then pass to a linear
theory and obtain a set of three linear displacement equations of motion. In Section 3
a definition of dynamical stability and a stability theorem due to Movchan [4] are stated.
We then construct a suitable energy functional which is valid for a stability investigation of
any general motion of an elastic directed curve. In Section 4 this functional is reduced to
the case of plane motions of a simply-supported Cosserat curve, and Movchan’s theorem
leads to the result that the undeformed state of the curve is stable provided the strain
energy function is positive definite.

+This work was supported by the National Aeronautics and Space Administration Research Grants NGR-23-
006-47 and NGR 23-006-047-1.
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2. DYNAMICS OF PLANE COSSERAT CURVES

We consider here Cosserat curves, i.e. curves with rigid directors and restrict ourselves
to the case when these rigid directors are a unit orthogonal triad. The general equations
for this class of elastic Cosserat curves were derived by Whitman and DeSilva [2] and are
given by

07, .
-+ WaBTE + pfzx = pva+peaﬁégﬂvé

ds
2.0
om, .
ﬂé;-!»waﬁmﬂ—emtﬁta%—pla = ph,+ e, pts
de ¢
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{xa = B‘Zﬂgﬂ’ Baﬂ = AoﬂéanAatﬂ = Bﬂa (2‘4)

In these equations p is the mass density per unit length of the deformed curve ¢, 1 is the
stress vector, m the couple stress vector, f the body force and 1 the body couple. The vector
v is the velocity of points on ¢, and Q is the spin velocity of the rigid director triad d,.
The function ¢ is the strain energy density, y, and F,; are deformation measures, a is a
generalized spin velocity, and the quant1t1es Aap, B,g are measures of the inertia properties
of the rigid director triad. The notation (), (') indicates arc differentiation with respect to
the undeformed and deformed arc lengths S and s, respectively. The superposed dot denotes
the material time derivative holding S fixed. Finally, A = ds/dS is the stretch, t is the unit
tangent to ¢ and r is the position vector of points on ¢. Greek subscripts take the values
1, 2, 3 and refer to anholonomic components of tensors with respect to the directors d,,
e.g. 7, = t.d,. The usual summation convention applies.

To describe the plane motions of a Cosserat curve, we choose a rectangular cartesian
coordinate system x; and require that the curve ¢ and two of its directors d,, d, lie in the
x;—X, plane. Since the directors d, form an orthogonal triad, d, always remains aligned
with the x,-axis. Except for the coordinate axes x;, Arabic numeral subscripts will represent
anholonomic components, exclusively. Since the directors have a single rotational degree
of freedom, we can define their orientation by an angle ¢ which d; makes with the x,-axis.
Similarly, the orientation of the unit tangent t can be specified by an angle # which t makes
with the x,-axis. Hence, we have

t = {cos 6,sin 6,0)

d;, = (cos @, sin ¢, 0
1 = (cos @ ®,0) 2.5)
= (—sin ¢, cos @, 0)

d; = (0,0, 1)

Trom these representations we can show that the non-vanishing components of ¢, and
Wep ATE

t, = cos(0—@), t; = sin(0—9) (2.6)

Wiy = — @, Wi = @
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Substituting equations (2.6) into (2.3) and (2.2), the non-zero deformation measures and
constitutive relations are:

y, = Aty = Acos(@— ), y, = At, = Asin(@—¢)

27
Fpi=0=—F;,
de O¢ O¢
Ty = pl—o, T, = pA=—o, ms; = pl—, (2.8)
1 p ayl 2 P ayz 3 a(p
Finally, the anholonomic components of the spin velocity Q are
Q1=QZ=0, Q3:¢
The preceding results imply the equations of motion become
oty . .
o~ PTa+pfy = POy =P,
(2.9)
0ty |, . .
5, TOT A2 = P2t piyy
=0
Iy =a,—¢u
1T (2.10)
12 = dz +(/')ot,
om, .
K*(TJZ_TZHH‘PQ = po3 (2.11)

where
ay = B30, #; = B;30, a3 = B339
Noting that the body couples [, , [, tend to deform the curve out of the plane of deformation,
we assume these couples vanish. Equations (2.10) then imply
(Bi;+B33)¢* = 0.

This equation is satisfied for arbitrary ¢ provided B,; = B,; = 0. This restriction on the
matrix B,; can be viewed as analogous to the requirement in classical beam and rod theory
that a plane deformation can occur only in a principal plane of the cross section.

At this point it is convenient to define a set of strains z,, x,; which vanish in the reference

configuration:

z,=y,—D,. R
o (2.12)
%op = Fpp—D,. Dy

where R and D, are the position vector and directors, respectively, in the reference con-
figuration. We can evaluate the terms D,. R and D,. D, above by defining angles ©, ®
such that

OS) =06l,-9, D)= l;-0-
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These definitions lead to the expressions:
D,.R=cos(®@-®), D, .R=sin@-0)
o o - {2.13)
Dz.DI:-q)';""Dl-Dz.

Without loss of generality we can take D, aligned with the tangent vector R by choosing
P=0, &=06=K (2.14)

where K is the curvature of the undeformed curve. The relevant strains then become
zZy =y —1, Zy = Yy, x=0¢-K (2.15)

where we have defined x = %,, = —x,,. Hence, the general equations for plane motion
of Cosserat curves become

afz ” R R
5 TP +pfi = piy—pou,

A

CTy o . . .
—ﬁ;'“!“(l’ﬁ'{“ﬂfz = pUy+ peuv, (2.16)
So (Tt = Tat) +pl = pBj
de de de
= pA——, = pl=—, = PA—— 2.17
T =p 7z, =P o, m=piz. (2.17)
Zl 2/311“‘1, Zzzfltz, X——‘z(;)‘“K

{2.18)
t, = cos{f— ), t, = sin{f — @).

The couple stress equation (2.16), was obtained from (2.11) by dropping the subscript 3
from the appropriate quantities. To obtain a determinate theory in the sense that . the
number of equations equal the number of unknowns, we must add the following equations
to the set (2.16) to (2.18):

("}’62

x4 ; .
A . = sin 0
3s

Js
X, = 'y COS (0 — U, Sin @
')22 = Uy Sin (‘D“I“‘vz COS(;?.

We note in passing that the above theory includes a nonlinear, classical type elastica
theory as a special case by requiring the director frame to rotate with the tangent vector t.
For this special case we have

¢ =0, t; =1, t, =0

The subscripts 1, 2 now refer to components along the tangent and normal to the curve,
respectively. The strains become

7y = A—1 =9, z, =0, x=~0~-K

H
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where 8, u are the classical extension and bending measures, respectively. Hence, the
constitutive equations (2.17) become

/158 , ¢

Ty =p %, m = pﬂa

The above form of the constitutive relations for an elastica were obtained by Antman [5]

from the three-dimensional (nonlinear) constitutive equations of elasticity. We observe

that the shear stress 7, is indeterminate with respect to constitutive equations, but can be
determined from the equations of motion, which become

oty = . \

671_972+Pf1 = piy—pdv,
s

0t, = . ;

“(3;+971+sz = pi,+pbv, (2.19)
om "
g+rz+pl = pB6.

If the inertia terms are omitted from equations (2.19), we recover the equilibrium equations
of the plane elastica (cf. Love [6]). Hence, we see that the model of a Cosserat curve yields
a nonlinear theory of the plane elastica as a special case.

In order to develop the linear theory of a plane Cosserat curve, we define a displacement
vector u and a set of director displacements 8, by the equations

r =R+u, d,=D,+0,. (2.20)

We consider u, 8, and their first derivatives with respect to arc length or time to be infini-
tesimal such that all second or higher order terms in these quantities can be neglected in
the general equations. Equations (2.3), (2.12) and (2.20) then imply that the linearized

strains are

z,~0, R+D,.a
- o (2.21)
Hep = 0,.D;+D,. 0,

Since the directors are assumed to undergo an infinitesimal rotation, we can define a small
angle iy = ¢ — O such that the director displacements are given by

08, =¥D,, 0, = —yD,, 9, =0 2.22)
Also, within the linear theory the displacement vector u can be expressed as
u = u,D; +u,D,. (2.23)
Equations (2.22) and (2.23) imply the strains become

Ju
1
24 —‘_Kuz, Zy

_du, ;
oS

= Sg~V+Ku.  x=§=0-K (2.24)

The rotation of the tangent vector t can be defined in terms of a small angle y such that

t= D, +yD,.
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This representation of t leads to the following expressions for the stretch 1 and the angle y:

Ou,y Ou,
A1 +a—S— Ku,, z = PrS
Comparing (2.24) and (2.25), the strains z,, z, can be written as
Zy = A1, Zy =~
For the purpose of developing linear constitutive relations we assume the strain energy
function ¢ is given by

M2 | Ku,. (225)

£ = 3CogMaMlg (2.26)

where ¢, is a constant, symmetric matrix of material parameters and #, is the set of strains
{zy,z3,x). Equations (2.17) and (2.26), together with the conservation of mass pi = p,,
yield the constitutive equations

Ty = PoCipMlps Ty = PoCaptlp- m = PoCaphp- 2.27)
Using the preceding results in equations (2.16) and assuming constant initial density, we
can show that the linear displacement equations of motion are
’*2

+6136S2

0 [Ou 0 [duy
€114 (6Sl K”z)"‘clzés( — i+ Kuy

ou ou o Pu
0K[£‘22(~a—§—lfl+Kul) +C12(6-§WKH2) +CZS§§J +fl = —(’9_{7!
d [Ou, Ouy oM
2268( s !/1+Km)+cuas( a5~ Ku )+C23882
&u,

P P v {2.28)
U, U
‘“K[C“( ‘K"z) *Clz(ﬁs‘z‘“"’“’”““) *a—s] th="%7

oS
ohy 0 |ou 0 |ou, Ju
C33asz+ 1365,( 8SI —Ku )+C23as( 08 IJI+KU1)+022(-—S‘2—I//+KUI)

(92

e
Recalling (2.23) and the fact that the directors D,, D, were chosen along the tangent and
normal to the undeformed curve, the displacements u,, u, represent extensional and
transverse displacements of the curve. Thus, equations (2.28) imply that extension, flexure
and rotation of the directors are interacting effects. This statement remains valid even
when the curve is initially straight, i.e. when K(S) =

As a special case, we assume that the matrix ¢,y is diagonal with elements ¢,; = a,
¢,, = b, ¢33 = ¢. Then for an initially straight curve, equations (2.28) reduce to

az 2
as2 th=Ge
auz 2u,
b‘ég s lf/ +f2 :‘5?“ (229)
2y |ou, Y
asz-i—b( ——tfl)+l B_éz_’"
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This special theory implies a partial decoupling of effects, i.e. extensional motion is governed
by a one-dimensional wave equation. However, flexure of the curve and rotation of the
director frame remain coupled. The rotational angle i can be eliminated from equations
(2.29),5 yielding a single equation for the transverse displacement u,. Hence, for zero
body forces we find

2 z = = 2.30

o5t blastar o Th ot (230)
This equation has the same form as the classical equation for transverse displacement of
Timoshenko beam theory, which takes into account shear deformation and rotatory inertia.
An equation equivalent to (2.30) was also obtained by Green, Laws and Naghdi [7] from
their linear theory of straight elastic rods, based on a two director model of a rod.

*u, ( c) *u, 0%u, B d*u,

3. STABILITY OF GENERAL MOTIONS OF DIRECTED CURVES

Within the context of stability analysis, we distinguish between two motions of a directed
curve. The first is the undisturbed motion, ie. that motion which is assumed known and
the stability of which is to be investigated. The second is any neighboring motion called
the disturbed or perturbed motion. We introduce the concept of a metric functional,
i.e. a non-negative measure of “distance” between the two motions. As used here, the term
distance has a very general connotation and may refer to velocity change, temperature rise,
stress increase or any other quantities which serve to distinguish the change in the undis-
turbed motion. Assuming the undisturbed motion of the directed curve undergoes a
disturbance at some time t,, we define a metric M as a measure of this disturbance. T
A metric M(t) is then defined as a measure of the disturbance at any time ¢ > ;. We assume
the metrics M, M(t) are defined such that they vanish only when evaluated along the
undisturbed motion of the curve. The undisturbed motion of the directed curve is then
said to be stable with respect to the metrics M,, M(t) provided the following conditions
are satisfied :

(a) M(t) is a continuous function of t.

(b) M(z) is continuous with respect to M, at t = t,, i.e. given any ¢; > 0, there exists

a (e, to) > O such that at the initial time ¢y, M, < &, implies M(to) < ¢;.
(c) Given any ¢, > 0O, there exists a 8,(¢,, ty) > 0 such that M, < &, implies M(t) < ¢,
fort > t,.
This definition and the theorem which follows are due to Movchan [4].

THeoreM. The undisturbed motion is stable with respect to the metrics My, M(t) if
and only if there exists in the neighborhood M{t) < R, R > 0 of the undisturbed motion
a functional ¥(¢) such that

N Ve =0

(i) V() is a non-increasing function of t.

(i) Givenany ¢, > 0, thereexistsa d,(e, , to) > Osuch that M, < &, implies V(t,) < ¢,.

(iv) Given any ¢, > 0, there exists a d,(e,) > 0 such that M(t) > &, implies V(t) > «,.
Movchan also proved that the stability of the undisturbed motion according to the definition
given implies its uniqueness in the sense that if My, = 0 at t = t,, then M{(f) must vanish
forallt > ¢,.

TWe suppress the functional dependence of the metrics and other functionals on the quantities which
characterize the distance between the two motions.
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We now consider an appropriate functional V(¢) for general motions of elastic directed
curves. The integral form of energy conservation is (see Ref. [2])

52

d
cﬁf $Hov. v+3A%Pw,. wo+ pelds :J of.v+h* w)ds+(t.v+p*. wy) (3.1)

St

where w, = d, and h* p* are the body force and the stress vectors associated with the
directors. We assume the curve ¢ undergoes a disturbance at time ¢, and that for ¢t > 1,
there exists a perturbed motion defined by the functions

= 5%, A = it 1) (32)
taking c into ¢* such that
s* = s*(s, 1) (3.3)

where s* is the arc length of the curve in the configuration c*. Applying the conservation
of energy (3.1) to the perturbed motion, as well as the conservation of mass and the mapping
(3.3), we obtain

82

d
&f(%v.v+%A“”wa.wB+s)*p ds = f(f.v+h°‘.wa)*pds+(t.v+u°‘.wa}* (3.4)

Sy

where the notation ( }* indicates the enclosed functions are defined along the perturbed
configuration ¢*. Subtraction of (3.1) from (3.4) yields the result

d .
= — =0 3.5
dtK(t) H(t) (3.5)
where K(t) and H(t) are defined by
K@) = J v v¥—v. v)+34%(wr  wh—w,. wy)+(e*—¢)lpds (3.6)

82

31

H(t) = f [(f*. v*—1. v)+(h** . w*—h* w)]pds+[(t*. v¥ —t. )+ @*. wf—p*. w,)]

3.7

We now define a Movchan—Liapounov functional ¥V(t) to be
V() = K(t)— fH(t) dt. (3.8)

By virtue of the differential equation (3.5) we see that V(¢) is constant. Hence this functional
satisfies condition (ii) of Movchan’s stability theorem and is at least a candidate functional

for stability analysis.
It is often convenient to introduce displacement functions w,@,f according to the

equations
r¥ =r+u, d¥ =d,+0,. (3.9)

+ Note that these displacements in general have a different meaning than those introduced by (2.20).
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Using equations (3.9), the quantities K(t) and H(t) become

K@) = f BQi. v+u.i)+14%02w,.0,+86,.8,) +(*—e)pds (3.10)

H(t) = f (5 —1). v+ 0% i+ (0 — b9 w,+h** §,]p ds
‘ (3.11)

[T —1) . VT A ) W 0,])
Hence, equations (3.10) and (3.11) express V(t) in terms of displacements and velocities from
the undisturbed motion of the directed curve. We note that no assumptions have been made
up to this point regarding the loading functions.
The special case of dead loading yields a simplification in the functional H(z). By dead
loading we mean that the body forces and end forces in the disturbed motion remain
unchanged from their values in the undisturbed motion. Thus, for dead loading

> =f h** = h* along ¢
™ =1, p*¥=p* at s=15,,5;

and H(r) becomes

H(t) = j (f.a+h.0)pds+{t.a+p*.0,)

s
If in addition to the assumption of dead loading, the undisturbed motion is restricted to be
an equilibrium configuration, we can show that V{t) takes the form

2

V(1) _—_f[—%ﬁ.il+%A“”éa.é,,+(s*—s)]pds—f(f.u+h“.01)pds—(t.u+u“.9u) (3.12)

1y

Finally, when the equilibrium configuration is the natural or unloaded state, the require-
ment that V() be non-negative reduces to

J pe*¥ds = 0.

This condition imposes a restriction which the strain energy function must satisfy for the
stability of the disturbed motion. An analogous condition for three-dimensional elasticity
was presented by Knops and Wilkes [8].

4. STABILITY OF A PLANE, SIMPLY-SUPPORTED COSSERAT CURVE

In this application of Movchan’s theorem, we restrict ourselves to the case of linear
motions from the undeformed state of the curve. It can then be shown that the general
functional V{(t) defined by equations (3.8), (3.10) and (3.11) can be reduced to the form:

L . L . L
V) = fo Gttty +3BY 4+ 6)po dS— j dz[ f (fothy + 1) A + (x.ti i) } @.1)
4] 4]
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where ¢ is given by (2.26) and where L is the length of the curve in its natural state. It can
easily be verified that the time rate of V(1) above vanishes by virtue of the equations of
motion (2.28). For simplicity we assume that the body forces f,, | vanish and that the un-
deformed state is perturbed by imparting a set of displacements and velocities to the
system at time ¢ = (. Moreover, we treat the case of zero initial curvature K. Hence, the
governing equations become

d%u, & [6u, oAy *u,
352 ¢ ”as(as "’)””b_s'f“ o

2 [ou *u &y u
( 2_‘1’) C”aS;*C”asz“F;

Ci1 307

42
o2 521:1 6&2 ( )
R TR
s Wy
+‘“(as ¢)+ 255 Ferrgs = B

A simply-supported Cosserat curve is defined by the boundary conditions
u(0, 1) = ux(0,1) = m(0, 1) =
U (L, t) = up(L, t) = m(L,t) = Q.
The functional V{(t} takes the form

4.3)

L
Vi) =14 f (thiia + BY? + Cugnaigpo dS (@.4)
g
where
Jduy Juy o

"1x21=—a§’ ’12’—’22:“557—!//, M3 =% =g

To apply Movchan’s theorem, we choose the following metric functionals
L
M, = V(0), M) = f (ugte, +*) dS. (4.5)
O
We assume that #, and ¥ are continuous functions of ¢ so that M(t) is continuous. The
definition (4.5), trivially satisfies condition (iii) of Movchan’s theorem. We now make the

assumption that the strain energy function is a positive definite quadratic form, i.e. there
exists a positive constant ¢ such that

Capllafly 2 CHMa- (4.6)
Hence, noting that the inertia coefficient is positive, we obtain the estimate
LT [ou, du 2 foy\?
1 et . 3 ds. 4.7
vzt [ | (%) +(52-v) + (5 @

Performing the change of variables

S=L& U0 =qullén 4.8)
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trjeu\* [oU, )2 (aw)z]

——l ==Y +|=] |4 49
L[(aé) (a«: Ve e @)
Expanding the second term in the above integrand, integrating by parts and rearranging,
we can show that (4.9) takes the form

inequality {(4.7) becomes

1
V() = 3poc min(l, z—-z—)

. 1Y [ {oUu.\* [0U,)\?
By an application of Schwarz’s inequality it follows easily that
1 @U 2 1
f ( ) dé > 2f U2(&, 1) dé. (4.11)
0o\ 0 0
Hence, applying (4.11) to (4.10) and returning to the original variables, we obtain
V(t) = C, M(1t) 4.12)
where
1 2
C, = %poc[min 1,?)] > 0. 4.13)

Inequality (4.12) implies that conditions (i) and (iv) are satisfied. Since by definition V(t) is
constant, inequality (4.12) and the definition of M, imply that
1 1 1
M@ < —V({t) = —V{0) = —M,. 4.14
()Cl()cl()clo (4.14)
Hence, we have shown that the undeformed state of a simply-supported Cosserat curve is
stable, provided the strain energy function is a positive definite quadratic form. Moreover,
the solution to equations (4.2) under arbitrary initial conditions is unique. We note that
(4.5) and (4.14) imply that the displacements u,,{ are small in the average sense of M(t)
for all t > 0 when the initial energy imparted to the system is small.
A stability analysis can also be given in this example using the metric

M) = f: (Ugthy + 2 + i, + %) dS

where u,, i are assumed to be continuously differentiable functions of time. Then corres-
ponding to inequality (4.12) we can show that

V() > C,M(1)

where C, is given by (4.13) with ¢ replaced by min (1, B, c). A positive definite strain energy
function is again a sufficient condition for the stability of the undeformed state of the curve.
Stability with respect to M(¢) implies the stronger result that the velocities, in addition to the
displacements remain small in the average sense of M(¢) for all ¢t > 0.

Our result obviously remains valid for the special case when ¢, is a diagonal matrix, ie.
when the governing equations are given by (2.29) with zero body forces. This case is also
included in the work of Green, Knops and Laws [9], who investigated the stability of an
initially straight rod subjected to a simple extension.
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AbBerpakT—OUpPeseNHeTCS HENHHEHHAS IHHAMAYECKAS TEOPHsA IUIOCKHX ABIDKEHHH KIacca KPMBBIX
Koccepa. B kavecTse CHIENMANIBHOTO CITYYas, OHA 3aK/IOYaET KJIacCu4yecKuil THI Teopuu ynpyrocty. Joxa-
3pIBAETCA, YTO HenaepHOPMHUPOBAHHOE COCTOSAHME CBODOAHO ONEPTON KpUBOH ABJAETCA YCTOHYMBOE NO
OTHOILEHMIO K COOTBETCTBYIOIINM METPHKAM, €CITH TONEKO GYHKLMS 3Hepruu AeGopMaUH HONOKHTEIIBHAS.



