Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 June 2023 d0i:10.20944/preprints202306.0102.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Generalized Virtual Displacement Principles of Deformed Ob-
jects with Methods of Analytical Mechanics'

Jing-Li Fu ", Chun Xiang ? and & Zuo-Yuan Yin 3

1 College of Information and Control Engineering, Shandong Vocational University of Foreign Affairs, Shan-
dong Weihai 264504, China

2 College of Mechanical and Automotive Engineering, Zhejing University of Water Resources and Electric
Power, Zhejiang Hangzhou 310018,China

3 R&D department, Finetech GmbH, Berlin 12681, Germany

* Correspondence: author Email : sqfujingli@163.com; zy.y@hotmail.com

Abstract Analytical mechanics is the most basic discipline. The basic principles of analytical me-
chanics should also be applicable to general deformed objects. However, the virtual displacement
principle proposed by analytical mechanics is only applicable to particle systems and rigid body
systems, but not to general deformed objects. In this paper, the generalized virtual displacement
principle of general deformed objects (such as, elastic objects, plastic objects, elasto-platic objects
and flexible objects etc ) is derived by the method of analytical mechanics, which is also applicable
to particle systems and rigid body systems. First of all, according to the method of analytical me-
chanics, the external force, internal force, constraint reaction force and elastic recovery force of the
deformed object system under the equilibrium state are analyzed, and the concepts of virtual dis-
placement, ideal constraint and virtual work are introduced, and the generalized virtual displace-
ment principle (also called generalized virtual work principle) of deformed objects is proposed; sec-
ondly, vector form, coordinate component form and generalized coordinate form of generalized
virtual displacement principle of deformed object are given; thirdly, as the application of the prin-
ciple, the virtual displacement principle of deformed objects in plane polar coordinate system, space
cylindrical coordinate system and spherical coordinate system is given; finally, a brief conclusion is
drawn. This work unifies the virtual displacement principle of elastic object, plastic, elastoplastic
etc deformed object systems and rigid object systems with the basic method of analytical mechanics.
It is a basic principle for dealing with the static problems of deformed objects. This work also lays a
foundation for the further study of the dynamics of deformed object systems.
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1. Introduction.

Analytical mechanics is a mechanical system suitable for studying macro object.
However, now his research objects are the particle system, and the number of particles
can be from one to infinity. Particle system can be regarded as an ideal model of mechanical
system composed of macro objects, such as rigid body, elastomeric, elastic-plastic, contin-
uous medium and their complex. These rigid bodies and deformed objects can be studied
by the method of analytical mechanics. Analytical mechanics uses generalized coordi-
nates, puts forward ideal constraints, and studies the motion of macro objects from the
perspective of finding the energy of the system[1,2]. Analytical mechanics puts forward
two basic principles of constraint mechanics system, namely, virtual displacement princi-
ple and d'Alembert-Lagrange principle (also known as general dynamic equation). Using
the virtual displacement principle, we can solve the static problems of the constrained
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object system. Using the D’alamber-Lagrange principle, we can further derive various
forms of dynamic equations and solve the dynamic problems of the constrained dynam-
ical system. Pl The important concept of virtual displacement of an object is put forward
in analytical mechanics. The virtual displacement of an object must meet the constraints
of the object. It is a collection of infinitesimal displacements that may occur in the space
region at a certain instant or at a certain position. There can be an infinite number of virtual
displacements, which are independent of the motion of the object. The two basic princi-
ples of analytical mechanics are based on this concept[4,5]. We should point out that the
most basic virtual displacement principle given by analytical mechanics should be appli-
cable to rigid bodies and deformed objects, while analytical mechanics only gives the vir-
tual displacement principle of rigid objects and their combinations, which solves the static
problems of rigid objects [1-4]. Obviously, the virtual displacement principle given previ-
ously in analytical mechanics is limited in application.

We can divide macroscopic objects into rigid bodies and deformed objects. The
static and dynamic problems of rigid bodies and their combinations have been compre-
hensively and deeply studied in existing theories of analytical mechanics, which has been
formed. [5,7,8,] Deformable objects can be divided into elastic objects and elastic-plastic
objects. The principle of virtual displacement of deformed objects has been given in struc-
tural mechanics, which is a basic principle of deformed objects[9,10]. The principle of vir-
tual displacement of deformed objects is that the virtual work done directly by external
forces (including volume force and area force) is equal to the strain energy required of
deformed objects, or the principle of virtual displacement is obtained by using the second
law of thermodynamics. However, in these studies, the important concepts of virtual dis-
placement and ideal constraint are rarely discussed. In fact, the virtual displacement of
deformation object must meet the constraint condition, and the constraints are the ideal
constraint. Elastic-plastic objects are deformable objects that can be elastic or plastic in
different environments. Elastoplasticity is a basic property in material forming. The vir-
tual displacement principle of elastic-plastic objects is of great value in the research of
material forming. The establishment of the virtual displacement principle of elastic-plastic
deformable body is also based on the fact that the virtual work of the external force on the
deformable body is equal to the virtual strain energy of the elastic body. We should point
out that the virtual displacement principle of elastic-plastic objects must also be limited
by ideal constraints. It can be seen that the virtual displacement principle of deformed
objects in structural mechanics and elasticity rarely involves the concept of ideal con-
straints, nor is it based on the balance of deformed objects under external forces.

In the history of scientific development, people always try to unify the basic theories
of mechanics, elastic mechanics, continuum mechanics, thermodynamics, electromagnet-
ics, solids and deformed objects to better reveal the development laws of nature. At the
turn of the 20th century, attempts to unify laws of mechanics and laws of reversible ther-
modynamics were made successfully by Hadamard [11] for thermal expansion of ideal
gas. Efforts to unify two laws continued and was extended to irreversible thermodynamic
law recently [12,13]. In 1973, Germain [14] extended the principle of virtual work in clas-
sical continuum mechanics for continua to multipolar media, called principle of Virtual
Power, which was further extended by Maugin to couple the thermo-mechanical field
with electro-magnetic field [15]. At the end of 20th century, many research works of the
irreversible thermodynamic that included irreversible thermodynamics done by Maugin
[16] and others afterwards have been summarized in a major research monograph. A uni-
fied procedure for constructing theories of thermomechanics of multipolar media was in-
itiated by Green and Rivlin[17] and then extended to include thermodynamics by Green
and Naghdi[18,19]. Attempts were made by Sieniutycz and Berry [20] to define a Lagran-
gian in an action-type integral for the deformation of continuum with dissipation, and by
Maugin [21] to develop the analytical mechanics of dissipative materials. In all these major
works except the one by Biot, the constitutive equations of material must still be supple-
mented from the laws of thermodynamics or other postulates. In 2011, Pao et al unify the
principle of virtual power of thermomechanics for fluids and solids with dissipation[22].
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In recent years, the principle of virtual displacement has been widely used in science and
engineering technology, and many good results have been achieved [23,24,25,26]. For the
deformed object system, the key to solve the problem is to consider the physical properties
(constitutive relations) of the object materials.

In this paper, the generalized principle of virtual displacement of constrained de-
formed objects is proposed by using the method of analytical mechanics. For the deformed
object in equilibrium, based on the concept of ideal constraint, under the action of volume
external force and area external force, the virtual displacement satisfying the constraint
conditions of the deformed object is introduced, and the virtual displacement principle of
the general deformed object is proposed. The generalized virtual displacement principle
proposed by is general, which is not only suitable for elastic objects, plastic objects and
flexible material objects, but also suitable for rigid objects.

The research of this paper is divided into the following parts: Section 1, introduc-
tion; section 2, in this part, the generalized principle of virtual displacement of deformed
objects is proposed using the method of analytical mechanics; section 3, several forms of
virtual displacement principle of deformed object are given; section 4, virtual displace-
ment principle of deformed objects is applied in plane polar coordinate, space cylindrical
and spherical coordinates; section 5, a simple conclusion is given.

2. Generalized Virtual Displacement Principle of the Deformation Objects

The generalized virtual displacement principle of deformed object is a basic principle
of deformed object dynamics. It can solve the static problems of deformed object, includ-
ing the deformation problem when the system is in equilibrium or uniform motion under
the action of external force. In this section, we only study the deformation problem in
equilibrium, and the conclusion is also suitable for the deformation problem in uniform
motion.

2.1. Establishing of Virtual Displacement Principle
For a deformed volume element AVi in equilibrium state, it is affected by external
force including the volume force f,’ distributed in the region V and the area force f° act-

ing on the area AS;, the other are internal forces f, (namely gravitation between par-

ticles) , elasticrestoring force fil and constraint force R, the resultant force is equal

to zero, namely

f'+f°+f'+f +R =0. 1)
At a certain time ¢, it is assumed that the deformed volume element has a virtual
displacement OT; , then the virtual work of the forces on the deformed object is written in

the form

N N N
AW =3 £V -SrAV, + ) £2-6rAS + ) fl-orAV,
i=1 i=1 i=1

N N
+> f'-6rAV,+ D R -6rAS =0
i=1 i=1 )
where ASi is the deformed area element.
Since the gravitation between particles is a pair of forces and reactions, so

N
> f-orAV, =0. (3)
i=L

Assumption based on the concept of ideal constraints, one has

N
D R -SrAV, =0. @)

i=1
Substitution of Egs.( 3) , (4) into Eq.(2) ,we have
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N N N
AW =" £V -5TAV, + ) °-0rAS + ) f'-6rAV, =0, )
i=1 i=1 i=L
then the virtual work of deformable body under the virtual displacement 0T, can be

written the following form
oW =] £V.ordV +[ £°.5rdS+[ f'-ordv =0 ©)
v v v

It is well known that the relationship of between the virtual work of elastic resilience
and the virtual strain energy of defamation object is the flowing form

SU =—| f'-ordV = o654V @)

\% vV

Substitution of the Eq.(7) into the Eq.(6), one has
oU = £V.ordv +[ °.5rdS=owW, 8)
\% S
or
_ _ v s _ v S
sU _jvaijag”dv _jv fV.ordv +js f°.5rdS _jv(f +V- £°)Srdv . )

The Eq.(8) or Eq. (9) are called the generalized virtual displacement principle of de-
formation object in the equilibrium. Where the volume force f" is a force there are pro-

portional to the mass of each particle of a deformed object, such as gravity, magnetic force
and f° the inertial force, reaction force and friction force etc. We call f¥ +V-f%=f
equivalent volume force.

2.2. Formulation of generalized virtual displacement principle

Generalized virtual displacement principle: the sufficient and necessary condition
for the balance of an object is the sum of the virtual work on the virtual displacement of
the active force acting on the defamation object, under the ideal constraint, including the
external force and the elastic restoring force, is equal to zero. That is the sum of virtual
works of the external force equal the strain energy of defamation object.

We proposed that the virtual displacement principle of defamation object, which
itis a generalized principle on body balance. Using this principle, we can obtain the virtual
displacement principles of elastic object, plastic object, elastic-plastic object and flexible
object etc. we can also obtain the virtual displacement principles of the particle, the rigid
object, the multibody.

3. Several Forms on the Virtual Displacement Principle

In this section, we give the several different expressions of virtual displacement prin-
ciple of deformed objects.

3.1. Vector Form on the Virtual Displacement Principle

A deformed object as shown in Fig. 1: Let an elastic body consist of N flexible volume
elements, which deform under the action of external force. The inertial coordinate system
is established at the bottom of the elastic body, the unit vectors of the coordinate axis are
(e1, e2, e3), and the other end is the free end.
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Figure 1. Elastic body consist of N flexible volume elements

Figure 2. Position vector representation.

Different from the rigid body system, the deformation of body under the action of
external force, and the relative position of each point in the system also changes. In order
to accurately describe the motion and deformation of the body, the fixed inertial coordi-
nate system (e1, e2 e3) and the moving coordinate system (b, bz, bs) are established. For any
point in the deformable body, the position vector is expressed in Fig.2.

For a deformed object, the radius vector 6r of volume element is written as
6r=6(R+Ax+Au)=6X+6u, X =R+Ax (10)

where 0R is the virtual displacement of centroid of deformed object, A is the coordi-
nate transformation matrix, X is the virtual displacement of rigid body time, and suis
the virtual displacement of deformation object. The Eq. (6) is expressed in the form

OW =[ f-5Xdv +[ f°.5XdS
' ) (1)
+jv Y- Asudv +_[S f°-AsudS +IV f'-Asudv =0,

we should points out that the Eq.(11) is the generalized virtual displacement princi-
ple of deformable object in equilibrium state. That is the sum of the virtual work done by
the volume force, area force and elastic restoring force of deformable object equal to zero
in equilibrium state. At this time, the spatial motion of the deformable object is in states of
static or uniform motion, and the virtual displacement principle of rigid object in equilib-

rium state needs to be satisfied, that is

j fV-5XdV+j fS.5XdS =0, (12)
\% S

then the deformation motion of the object must also be in the state of static or uniform
motion, which satisfies the virtual displacement principle, namely

[, £V -oudv+[ f°-suds+[ ' -sudv =0, (13)
namely
[, £V oudv+[ f°-suds=[ (f'+V.f°).sudv = f-sudV =| oszdv

(14)

The Eq.(11) are called the vector forms of generalized virtual displacement principle
for defamation objects. We are also Eq.(14) the vector forms of virtual displacement prin-
ciple of defamation objects and the Eq.(12) the virtual displacement principle of the parti-
cle system and Rigid objects.

Now we give the following conclusions: for the deformed object in equilibrium or
static state, its overall motion satisfies the virtual displacement principle (12) of rigid body,
and the deformation motion satisfies the virtual displacement principle (14) of deformed
object.

If Su=0, the Eq.(11) express the vector forms of virtual displacement principle (12)
of the rigid objects.

If we focus of the deformation of objects on the equilibrium problem, then the Eq.(14)
expresses the vector forms of virtual displacement principle of defamation objects.
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3.2. Coordinate component form of virtual displacement principle:

Take the inertial coordinate system, the unit vectors of their coordinate axis are
(e, ez, e3), and we express the external forces fVand f° , elastic restoring force f'and
virtual displacement in the form of inertial coordinate system. The external force

S
fV,f ,f' and &r are written the component forms respectively

\ \ \ \ S S S S
fr="fe+fe,+f'e, f°=fe+fe,+fe, 15)
| | I |
fi=fe+fe+fe

and

5r=6(Ax+Au) =
+Adxe, + Aoye, + Adze, + Adue, + Adve, + Aowe,.

where A is a transformation matrix between two coordinate systems.
Then the virtual displacement principle is expressed the following coordinate com-
ponent forms

[ AL £ ox+t)sy+ 152 v

(16)

[+ 1) Asu+ (£ + 1)) A+ (1) + 1) Asw v

[ (£ox+ 155y + 1352)dS + [ (£2ASU+ £ ASv+ £ ASw)dS =0, W)
namely

[ [f/ox+ 1)y + 762 Jav +[ (foox+fioy+fioz)ds=0  (18)
O+ 1) Asu (1) + 1)) Asv+ (1) + 1) Asw v

+ L( foASU+ f7ASY+ 2 ASw)dS =0, 19)

the Eq.(18) is also written as

[ (£ Asu+ 1) Asv+ £ Asw)dv
(20)
[ (£ ASU+ £ ASV+ FEASWNS = [ o7, 0,dV.

We should point out Eq.(18) is the coordinate component form of generalized virtual
displacement principle of the deformed object considering the overall motion (rigid body)
in the equilibrium state, and Eq.(20) is the coordinate component form of generalized vir-
tual displacement principle of the deformed object in the equilibrium state.

3.3. Generalized coordinate form of the virtual displacement principle.

The virtual displacement principle is the most common principle of statics and it is
widely used to solve the statics problems. The virtual displacement principle on general-
ized coordinates is expressed by: Under the double-sided, ideal, Holonomic and stable
constraints, the necessary and sufficient condition for the equilibrium of deformation
body is that the sum of the element work in any virtual displacement of the volume force,
area force and elastic resilience acting on the system is equal to zero.

In the deformation body composed of N units, we take any unit body dViand its

areadSi , whichitaffected by the external force fiv , the area force fiS , elastic restoring

force ;' and constraint force R;.

Supposing the deformation body suffering ! holonomic constraints, and the number
of independent variables describing the system is n=3N-, then the system described by n
generalized coordinates g1, g2,...,gn. The position of a point of deformed object is repre-

sented as

r=r(t,0,q9) %=%(0 0 ~0) =123 -
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the position of a point of a deformed object is represented. This deformation displace-
ment can be expressed as

U = u, (%(a), %,(a), %(@)) =y, (6, 9.+ 9,), =123 (22)

The stress and strain components can be written, respectively, as
O = 0ji (X1(Q): X, (a), Xs(q)) = 0j; (qp (S PRRRR qn)’
&ij = & (X1(q)’ X, (a), Xs(Q)) = &jj (Qy Gy, 0, )

The components of virtual displacement Or ,0X and OU are expressed, respec-
tively, in the following forms

or =§—r§qs, s=12,--,n

S

(23)

ox =ox=25q., ox, =oy=Lsq, ox,=o1=Lsq,
oq, oq, oq,
5u:a_uﬁ5qsza_u5qs, 5V:ﬂ%:ﬂ qs, 5W:@ﬁ:@ qs_
aX' aqs aqs aX' aqs aqs aXi aQS aQS (24)
The virtual strain 56‘” , virtual stress 00 ij # which can be expressed as the forms of gen-

eralized coordinates respectively

& =& (qliqz""’qn)’ Oy = 0 (ql’qz’m’q”)

0 oe;
s, = 26 X sq. = 2% sq,, (s=1,2,,m; i,j=123) (25)
ax aqs oq,
00, OX. oo
oX; 0q, oq,

The generalized virtual displacement principle of deformation objects are written in
following general coordinate form

oz
“5 S BT Py,
J. O' qs _[ [ aqs y aqs z aq ]Jqs

+ ffﬁ+ £5 N 45 2 sq.ds
s oq, oq, oq,

W] 1= Mgy Ny W sg.av (26)
it ag, 7 ag, aq,

+] g M g5 XV gs W s ds
s\ " ag, 7 o, aaq,

= [ Q/5a,dV + [ Q¥5q,ds + [ @!5q,dV + [ ®F5q,ds.
When the deformed body being in equilibrium, we have the virtual displacement
principles of rigidity objects as

[ QUoa.dv +[ Q}sa.ds =0, 27)

and the virtual displacement principles of deformation objects
j o, i 5quV j @' 5q.dV + j 550,08, (28)

where the ®! s s CDS are generalized volume and area forces, and the strain energy
is the following form
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& 0s;; OX,
[ 08,0V = ja —L5q,V = oy —* —-oadv.
aa %, 0q, (29)
i!j:1|2’3; S:1$21'“1
We should show that the gs are lengths, QD\S/ , (I)f are the generalized forces, and the

g-is angles, @', ®° the generalized moments.

The Egs.(27) and (28) are called the virtual displacement principle of deformed ob-
jects and rigid objects under the generalized coordinate respectively, and the Eq.(26) the
generalized virtual displacement principle of deformed objects in the generalized coordi-
nate .

4. Application of the Generalized Virtual Displacement Principle of Deformation Ob-
ject

In this section, we give the virtual displacement principles and constitutive rela-
tions of deformation objects under polar coordinate, eylindrical coordinate and spherical
coordinate systems using the generalized virtual displacement principle of systems.

4.1. Polar Coordinate Form of the Virtual Displacement Principle of Elastic Plane Problems

In the study of plane problems, the section geometry (boundary) of some objects is
circular and annular shaped, we taking generalized coordinates qi=r, 2= @ . That is de-

scribed by polar coordinate (I‘, 6’) and subject to volume forces f,, f, and area forces

F., F,. In this section, we give the polar coordinate form of the virtual displacement prin-

ciple of plane deformation problems.
The relationships between rectangular coordinates and polar coordinates are writ-

ten as
X=rcos@, y=rsind, (30)
and
0 oor 0 00 0 sin@d 0
— =4+ ———=c0s————,
OX oOr ox 086 ox or r 06 (31)

6 68r+889 sin g_cos@ﬁ
oy oroy a0 oy o r 80
We can obtain

, 00 08 9 10 1 ¢

St —— =t —+———. (32)
ox* oy* or* ror r?oe
Strain components £, £,and },, are written as []
_ou, o U 1du, 1au, %_U_Q. (33)

& =—, = v
o " v roee U ree ar v
where U, ,U, are the displacements along I',8 direction.
In the polar coordinate system, the stresses in the plane are written as o, 0, 7, . For
plane stress problem, the constitutive relation:

1 1
&, :E(Gr —Vo,), & :E(% Vo), Vi =

for plane strain problem, the constitutive relation:

1—v2[ v j 1—v2[ v j 2(1+v)
O, = & — Sogly Og=—C—|Cg— 7 & | Trg= Vo

E 1-v E 1-v E

2(1+v)

E Tep» (34)

(35)
Using the virtual displacement principle of plane elastic body we can obtain the equi-
librium equations in the following polar coordinate form [31]
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9o, +l82‘_,9+l(o_r -0,)+f, =0,
or r oo r (36)
0Ty +160'9 N 2t,, +f, =0,
or raof r
and strain compatibility equation as
1 0%, 10 1 ¢ 10e
———L+>—(rg,)-=——(ry,,)-=—L=0. 37
r’ 06 rarZ( ’) r’ arae( 70) ror 7
The stress in plane strain problem are expressed by
E E |ou, lou, u,
O-r:—z(gr"'vga): 2 TV =+ ||
1-v 1-v| or rog r
E E (1ou, u ou
o,=——&,+Ve, )= ——=+-L4+v——], (38)
’ 1—v2( ’ ) 1—v2(r 20 r 8rj
E E lou, ou, u,
Ty = Veo = e el I
2(1+v) 2(1+v)\roo or r

When the volume force f, = f, =0, the stress component in the basic equation of
the stress method can be expressed as an unknown function ¢(r ,(9) =0 tobesolved, and
the equation satisfied by the stress function ¢(I’ ,(9) [31]

2
*? 10 10

Vi(r0)=| = +=—+-— r,g)=0, (39)

the stress component &, ,0,,7,, of the polar coordinate system is obtained by the
differential of ¢(I’ ,49), that is,

1 0% 10¢ o%¢

O, =——o-+t—— Oy=—7,

r<o0° ror or

2(108) 104 10

(40)

TrHZTﬂ:_ar

rod) r2o0 rorod

4.2. Cylindrical coordinate form of the virtual displacement principle of elastic object

For dynamic problems, the choice of coordinate system itself has nothing to do with
the solution of the problem, but the choice of coordinate system is closely related to the
description of dynamic equations and boundary conditions of the problem. In other
words, the choice of coordinate system directly affects the difficulty of solving the prob-
lem.

In this section, we taking the generalized coordinatesQ, =TI, 0, =6, (; = Z, then the vir-
tual displacement principle of deformation objects in the cylindrical coordinate system is ob-
tained with the generalized virtual displacement principle Eq.(27) of deformation objects.

In the cylindrical coordinate system, the position coordinates of a point 7 in space

are represented by (I’ ,9,2). The relationships between rectangular coordinates and gen-
eralized coordinates are
X=rcosd, y=rsind, z=z. (41)

The displacement components in generalized coordinates (cylindrical coordinates)

are
u, =u,(r.6,z), u,=u,r8,z), w=wr,z), (42)
the stress components as
o, = O'r(r,l9,Z), o, = O'Q(F,Q,Z), o, = O'Z(r,H,Z),

Tro = Tra(rﬁ’z)' To = T&(F,Q,Z), Ta = Tzr(r’g’z)’
and the strain components as

(43)
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g = gr(r,é’,z), &y = gg(r,é’,z), g, = 8z(r,9,z),
Vo =70(10,2), 70 =7a(r0,2), 7y = 74(r,0,2).

The relationship between strain components and displacement components in gen-
eralized coordinates are the following form

(44)

ou, u lou, ow
grz s g€=—+——, gzz—,
or r roo oz
lou, ou, u, low ou, ou, ow
Yo=—, Y 0 V=,V Ve = A
rog or r roeg oz oz or (45)
The Egs. (45) are also called the strain tensor of an elastic body in cylindrical coordi-
nate.
The constitutive relations of deformation object in cylindrical coordinates are written
as [31]
o, =Ap+2us,, o,=A¢+2us,, o,=APp+2us,, )
To :luyzrl Tro ::u}/ra91 T2 :/J7z9’
where
Ev E
A= = (47)

Lrvii—v) “ 720y
We call Egs. (46) the constitutive relations of an elastic deformation object in cylindri-
cal coordinate.
In cylindrical coordinates, the equilibrium equation of elastic object are obtained
using the virtual displacement principle Eq.(27) [31]
oo, 1oz, N or, ©,—0,
or r oo oz r
07,y +1 do, N or,, N 2t,,
or rog oz r

o7, +1 07, N or, N 27, +F =0.
or r 00 oz r

For the problem of axi-symmetry, that is, when the geometry, boundary conditions
and constraints of the elastic body are symmetrical to a certain axis of symmetry, such as
the z-axis, according to the symmetry of deformation, we have

u, =u,(r,z), u,=0, w=wr,z),

the strain tensor of an elastic body as

ou, ow
E = &

+F =0,

+F, =0, (48)

r J 1T A
or 0z (49)
ou, ow
7r9201 729:0’ 7rz:az +§’
and the shear stress as
Tre = Tz@ = 0 . (50)

The equilibrium equation in axi-symmetry coordinates of elastic object, the Eqgs.(48)
can be written in the following form

oo, N o7, L0 =% F -0,
or oz r 51)
or, 0o, 21

4+ 14+ 2 4+F =0
or oz r

4.3. Virtual Displacement Principle of Elastic Objects in Spherical Coordinate Systems
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When we taking the generalized coordination 0, =TI, (|, = @, 0, = ¢, the virtual displace-
ment principle of elastic object in the spherical coordinate system is given with the virtual
displacement principle Eq.(27) of deformation objects.

In the spherical coordinate system, the position coordinates of a point m in space are
represented by (r ,9,(0) . The relationships between rectangular coordinates and spherical
coordinates are

X =rsinécose, y=rsinésing, z=rcosé.
We use U, (I‘,Q,(o), Ug(r,ﬁ,q)), u¢(r,9,¢)) to represent the displacement

components of the spherical coordinate system respectively, and the relationship between
strain components and displacement components in spherical coordinates are the follow-
ing form
ou u,  1léu 1 du, u u
g =—", g=—"+-—1, g =———L+"Lcotd+-—-,
or r roé rsinf op r r

1éu, ou, u, 1 ou, 0u, u
==L+ +

4 4

=0 ar r 7/”’_rsin08¢ o r’

ou
;/eq,:l(a—g—uwcote} 1o,

r rsinéd op (52)
equations (52) are also called the strain tensor of an elastic body in spherical coordi-
nates.

Constitutive relations of elastic object in spherical coordinate system are [31]

a—i v +& 0'—i v O+¢, |, 0 —i v 0+¢
vl P T ) T v oy o) 14vil-2v v )
I E Voo T E Voo T E y

"0 = 51 o rertte — 5ra ooty T 5 5 Voo

¢ 2(1—2v) ¢ 2(1—2v) ¢ 2(1—2v) ¢ 53)

In spherical coordinates, the equilibrium equations of elastic object are obtained, us-
ing the virtual displacement principle Eq.(27) in the following form
oo, 10t 1 0Jr, 1
L0y w+_(20r_09_o-(p+rr0COt0)+Fr=01
or r 06 rsinf op r
or,, 1loo 1 Jr, 1
0420y q”g+—((og—%)cot¢9+3rr9)+Fg:O,
or r o6 rsinf op r
or,, 10t 1 0Jo, 1
o "’+—(3rw+219¢00t0)+ F,=0.
or r 06 rsind op r (54)
For the problem of spherical symmetry, that is, the geometry of the object, con-
straints, external forces and other external factors are symmetrical to a certain point (such
as the origin of the coordinate system).
According to the symmetry of the deformation of the object, the displacement of

a point of the deformed object are written by U, = Ur(l’), u,=0, u o= 0, and some

shear strains and shear stresses are equal to zero, ie Y,y =7, =7, =0, and

Tg=Trpy =Ty = 0, The rest of the strain and stress components are only a function of
coordinate r, independent of & and ¢ .

The strain components and stress components are written by

_ du, o -
g'_dr' 89—8(/,—?- (55)
c,=0,=0;. (56)

Constitutive relations are the following form
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o, i( v ¢+grj, o E( v ¢+3Tj, p=¢+2&  (57)

C1+vil-2v “1+vil-2v
The virtual displacement principle of elastic objects in spherical symmetrical coordi-
nates can be written as [31]

do
dr

that is written in the form
E 1-v dzu,+gdur_ﬂ
1+vi-2vl dr? rdr r?

r

Z(Gfr_GT)+ F =0, (58)

+F =0 (59)

r

5. Conclusions

Based on the current situation that the virtual displacement principle of rigid objects
and deformed objects is studied separately, this paper adopts the method of analytical
mechanics, the concept of ideal constraint and virtual displacement are introduced, the
generalized virtual displacement principle of deformed objects is proposed; the general-
ized virtual displacement principle of deformable objects is general, which is applicable
to both deformable objects of various materials and rigid objects. This research lays a foun-
dation for solving the dynamic problems of flexible, intelligent and bionic material object
systems in equilibrium.
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