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Classical Mechanics

This material is part of the basics-books project. It is also available as a .pdf document.
Classical mechanics deal with the motion of systems and its causes.

Different formulations of mechanics are available. Newton formulation was developed at the end of XVII century and
starts from mass conservation and Newton’s three principles of dynamics, summarised in invariance under Galileian
transformations, the relation between force and the change of momentum of a system, and action/reaction principle.
Analytical mechanics was developed in the following centuries by D’Alembert and Lagrange and starts from variational
principles, leading to Lagrange or Hamiltonian equations of motion.

Newton Mechanics.

Kinematics
Actions
Inertia
Dynamics

Analytical Mechanics.

Lagrangian Mechanics
Hamiltonian Mechanics

Classical mechanics provides a reliable and useful theory for systems:
* much larger than atomic scales; at atomic scales, quantum mechanics is needed

« with velocity much slower than the speed of light or in domains where the finite value of finite speed of interactions
can be neglected, as classical mechanics relies on istantaneous action at distance; if these assumptions fail, Einstein
theory is needed either special relativity - as a consistent theory of mechanics and electromagnetism - or general
relativity - as a theory of gravitation.

¢ with a small number of components, so that the integration of the governing equations of motion is feasible; con-
tinuous model of the systems are object of classical continuum mechanics, relying on the equations of classical
mechanics and thermodynamics; systems with large number of components can be approached with the techniques
developed in statistical mechanics.

Under these assumptions, mass conservation (Lavoisier principle) holds, inertial reference frames are related by Galileian
relativity and the equations of motions are deterministic and can be solved with a reasonable effort - compared to the in-
formation and detail contained in the results - either analytically or numerically. Classical mechanics treats time and space
as individually absolute physical quantities: this can be a good model whenever Einstein relativity effects are negligible.
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CHAPTER
ONE

KINEMATICS

Kinematics deals with the motion of mechanical systems, without taking into account the causes of motion.

1.1 Space and time

Classical mechanics relies on the concepts of absolute 3-dimensional Euclidean space, E3, and absolute time.

Briefly, what is space? It’s something you can measure with ruler (for distances) and square (for angles), or other space-
measurment devices. What is time? It’s something you can measure with a clock or other timekeeping devices.

1.2 Models

Different models of physical systems can be derived with an abstraction and modelling process, depending on the char-
acteristics of the system under investigation and on the level of detail required by the analysis.

These models can be classified by:
¢ dimensions: 0: point; 1: line; 2: surfaces; 3: volume solid
¢ deformation: deformable or rigid components
A system can be composed of several components, either free or connected with constraints.

Here, the focus goes to the kinematics of points and rigid bodies, while deformable bodies are described in continuous
mechanics - kinematics.

While space and time are absolute, the motion of a system is usually the motion relative to an observer or to a reference
frame. After treating the kinematics of points and rigid bodies w.r.t. a given reference frame, relative kinematics provides
the description of the motion of the same system w.r.t. 2 different observers/reference frames in relative motion.

Definition 1.2.1 (Configuration)

Definition 1.2.2 (State)
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1.3 Point

The configuration of a point system is determined by its position in space, its state by its position and its velocity. Accel-
eration is usually required in mechanics, since equations of motions may be recast as a system of second-orde ordinary
differential equations in the configuration of the system. These physical quantites are defined here w.r.t. a reference
frame O,z°7°2°, 1%, keeping constant the vectors of the base w.r.t. time ¢°.

Position.
Tp(t) = P— 0Oy =z ;(t) &}
Velocity.
R drp 0~
Acceleration.
R dv 0~
ap(t) = d—tp =0%,8 =
d*rFp
= dtg :x(I)DL 6?

1.4 Rigid Body

1.4.1 Rigid motion

Rigid motion preserves distance between any pair of points, and thus angles. The motion of two material points P, Q)
performing a rigid motion obeys

ip—To=0x(P—-Q), (1.1)

being Up, ¥, the velocity of the points and & the angular velocity of the rigid motion. Taking a point () as the reference
point of the motion, the velocity of all other points can be found

p=To+3x (P—Q),

as a function of the velocity of @, the angular velocity of the rigid motion, and the relative position P — Q.

Proof.

Given 3 points P(t), Q(t), R(t), the distance bewteen each pair of points is constant and thus its time derivative zero,

d

02&

P(t)_Q(t>|2:2(P_Q)(6P_5Q) — A'l_}Qp:LTJQPXA?QP

d N N N N -
0= ZIP() — R()P =2(P—R)- (3p—p) = Abpp=Gpp x Aipp

d . . . .
0=—[(P~Q) (P~R)] = Algp - Aigp + Aigp - Alpp =

— Bop X Afgp - Afpp + Afgp - Adpp X Afpp =

= ATop X ATgp - (Ggp —Drp)

6 Chapter 1. Kinematics



Classical Mechanics

and since A7 p, AT p are arbitrary it follows that the vector W = Wgp = W p is unique for all the points performing
a rigid motion.

The configuration of a material vector @ undergoing a rotation is described by the product of the rotation tensor R by the

reference configuration a2,

In order to preserve distance, and angles

{|a|2 =

the rotation tensor is unitary

z,(’l | o _ ¢ — RT.R=1

QL Ql

1=RT .R=R-RT (1.2)

Note: From relation (1.2), it follows that
1= I = [RT|IR = [R[?,

and thus |R| = F1. If |R| = 1, R represents a rotation, and implies conservation of orientation of space; if |R| = —1
represents a reflection w.r.t. a plane, and implies inversion of orientation of space.

Orientation of space is determined by the transformation of a RHS triad of vectors: if the transform triad is RHS, then
orientation of space is preserved; if it becomes LHS, then orientation of space is inverted.

Note: Rotation tensor R is not singular and its determinant equals |R| = 1. Thus, RT - R = [ implies R - RT = 1.
Multiplying (1.2) by R on the left

0=R-RT-R—R-1=(R-RT —1)-R,

and since R is non-singular, it follows that R - RT =1.

Time derivative of the relation (1.2) reads

d . .
®=—([R~[RT):|R-[RT+|R-[RT
dt
It follows that the 2-nd order tensor R - RT = —R - RT is anti-symmetric, and thus it can be written as

R-RT =&, , (1.3)

being the vector & the angular velocity. Since R is unitary by (1.2), multiplying (1.3) with the dot-product on the right by
R, it follows

R=&, R,
and the expression of the time derivative of a material vector a,

da .
d—?zﬂ?ﬁoz@-ﬂ?ﬁoz@-d:@xa. (1.4)

1.4. Rigid Body 7



Classical Mechanics

Position and Orientation. The most general rigid motion is the combination of the translation of a reference point ()
and the rotation w.r.t. this point of other material points,

=7o+R- (P—Q)°

Velocity and Angular velocity. Time derivative of the relation (1.5) between positions of material points gives again

(1.1)

(1.5)

Up=1Tg+R-(P—Q)° =
=Ug+@0,R-(P-Q)° = (1.6)

Acceleration and Angular acceleration. Time derivatives of the relation {eq} eq:rigid:vel} gives

-

ip=ig+ax (P—Q)+dx (ip—Q) =
=dg+ax(P—Q)+wx[dx(P—Q)] .

1.5 Continuous Medium

1.6 Relative Kinematics

Relative kinematics is discussed here using two Cartesian reference frames.

— 00 50
P =0y =1p, ¢

— = 01 A(.)

01 =0y =25 /0,6
_ ol a1
P—0,=uzp, ¢

51 _ 51,50 50 0 _

— 1.0 50 & 50
e; =¢€; e e =¢;-¢ee Be;

-€
— RO-150 o 50 . 50 01, 50
=Ry €€ -6, =R €; .

i

1.6.1 Points

Position. Given two reference frames Oz, O’z for the position of a point P reads
(P —0g) = (0, = 0p) + (P —0y), (1.7)

0 50 _ .0 50 1 51
TP/0g,i% = %0,/0,i% T TPj0, kCk >
i.e. the position vector P — O of the point P w.r.t. point O - origin of the reference frame Ox' - is the sum of the position

vector P— O’ of the point P w.r.t. to the point O’ - origin of the reference frame O’z - and the position vector O’ — O,
of the origin O” w.r.t. to O.

Velocity. Time derivative of relative position relation (1.7) w.r.t. to reference frame 0 is performed keeping é? constant.

0d 04
E(P_ Op) = I (01 = Og) + (P —0y)] =
04 N 0d ~
T (0,/0,,4€0) + o (7h/0, k) =
_ % 0, °d .,

a a4 ~1 1 _a
0 £01/04,i € + dt TP/Oy k Gk +Zpio, .k =

=0 =1 - 51,1 _
= UOl/Oo +UP/01 +w1/0 X ekxP/Ol,k =

=13, 10, T Upjo, T @10 X (P—01),

8 Chapter 1. Kinematics
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so that
U0 = U6, /0, T Upjo, T @170 X (P —0y). (1.8)

Acceleration. Time derivative of relative velocity relation (1.8) w.r.t. reference frame 0 reads

Od od . . .
%v%/ao = [”001/00 +Upo, + @10 X (P—Ol)] =

= 6001/00 —|—6i}3/01 +2c?11/0 X 6}3/01 +d1/0 x (P—0,) +o§1/0 X [@1/0 x (P—0,)]
so that

090, = @0 10 + b0, + a1 X (P—O0y) +20 g X Ty +81s0 X [B1)0 X (P—04)] . 19

tangential Coriolis centripetal
where:
‘. M ” . . .
* the “tangential component” is orthogonal to the instantaneous angular acceleration and radius,
* the “centripetal component” is orthogonal w.r.t. the instantaneous angular velocity

todo tangent to what, centripetal w.r.t. what? state it clearly, otherwise delete this

1.6.2 Rigid bodies

Orientation.
Angular velocity.

Angular acceleration.

1.7 Rotations

1.7.1 Rotation tensor

Given 2 Cartesian bases {€)};_.3, {€} } j_,.3, the rotation tensor providing the transformation
ézl — [RO—>1 . é? ,
is

ROV = R)7e) @ ) = RY:el ® ¢
with R = €9 - €.
Angular velocity.

GO = Q01 = ROL. ROLT
Using index notation
EijpW; = Rinkj

and the identities

€ijkElmk = 5il5jm - 5j Oim,

1.7. Rotations 9
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€iikEljk = 6il5jj - 5117'53‘1 = 30; — 0; = 20y

it follows
EikEijkW; = 5ukRink-j

20 w; = ey Ry Ry

1 . 1 . 1
W = §5ilkRinkj = _iglikRinkj = —5511‘3‘9@

Angular acceleration. Angular acceleration, @, is the time derivative of angular velocity, &,

a=0u.

1.7.2 Successive rotations

: : : : 0 51 52
Orientation. Given 3 Cartesian bases {€} },_1.3, {€j},-1.3, {€% } 1.3
22 _ plo2 | 5l _
e; =R e, =

— [RlﬁZ . |RO—>1 . é»? ’

i.e composition of rotations holds

[RO—>2 — [R1—>2 . |R0—>1

Angular velocity. Time derivative w.r.t. reference frame 0 is indicated as the standard time derivative

a = @ — Od7a — 17d _A'_(D X
Tdt dt oar MO
d d I
G = g IRAe @l =
=RZlel@el + Q0. RY —RH . Q10 =
— 1—dR21 + QIO . |R21 _ [R21 . QIO —
dt
QQO — [RQO . |R2O’T —
d
— % (|R21 . [Rl()) . RZO,T —

dt

_ {|:1d”221 + Q0. R2L _R2L. 10| LRI04 R21 . [Rw} CROL.R12 —

o piz 10
=—R-R QY =
i *
— Q21 + QlO .
so that addition of relative angular velocity holds

020 =0 + Q' ; Wajg = Way1 + W10 -

Angular acceleration. Time derivative of angular velocity composition provides the addition of relative angular accel-

erations
0q 0q 0d

— —

w0 T Yn + PTAVUE
or

Qg0 = Qg1 + Qg -

10
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1.7.3 Linearization of rotations

Increment

0=06R-RT +R-6RT
and thus the antisymmetric tensor can be written as

50, = 6R-RT =60 ,
so that

1 1
691 = _EglijéRik R]k = —551”(5@”

1.7.4 Parametrizations
Minimal sets of parameters to represent rotations have 3 parameters. However these sets of parameters are not regular over

all the possible rotations, and the transformation becomes singular somewhere. Quaternions provide a set of 4 parameters
for a regular parametrization of rotations

Euler angles
Axis and rotation angle

Quaternions

1.7. Rotations 11
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CHAPTER
TWO

ACTIONS

What is an action?' Following the introduction of fundamental mechanics concepts in his Principia Naturalis, Newton
conceived the concept of action—including both forces and moments—as the possible causes of variation in the “true
motion” of a mechanical system or, equivalently, the causes of the difference between true motion and a generic
relative motion.

Definition 2.1 (“True motion”’)

Newton’s concept of frue motion is meant as the motion w.r.t. an inertial reference frame. So what is an inertial reference
Jframe? From an operational point of view, dynamometers measure no force and moment associated with uniform motion
w.r.t. a inertial reference frame.

A force is a vectorial physical quantity that, from an operational point of view, can be measured with a 3-axis force sensor
(which measures its three components in a 3-dimensional space) or with a dynamometer (which measures its intensity),
provided it is free to orient itself along the force direction or if the force direction is known and the instrument is aligned
with it.

Definition 2.2 (True forces in classical mechanics)

Referring to the four fundamental interactions, the significant interactions in the realm of classical mechanics are only
those of gravitational and electromagnetic nature. Electromagnetic interactions can manifest with bodies having a net
charge or, more frequently in classical mechanics, between bodies with no net charge. Among the latter cases, in clas-
sical mechanics, it is common to observe the macroscopic manifestation of the microscopic electromagnetic interaction
between the elementary components of matter in the form of:

* contact interactions, where it is possible to distinguish:
— anormal component to the contact surfaces responsible for the impenetrability of bodies,
— and a tangential component to the surfaces that manifests as friction

* material response to stresses, such as in the elastic constitutive law for springs

A measured action that is not a result of the fundamental interactions is due to non-inertial motion of the dynamometer -
or, very unlikely, to a new interaction you've just discover. If you experience this situation, please remember to send me
an invitation for the Nobel cerimony.

! The answer to the question “what is an action?” might imply a “true” knowledge—whatever that means—of the object-concept “action.” Here
too, as in other cases, the question “what is...?” can be replaced with “what do we mean by...?”, and an “operational answer” can be considered
satisfactory, as it reflects the mode of knowledge and formation of understanding in the scientific field: without delving into more abstract philosophical
domains, in physics, we are content to define something through its interactions and effects on other systems, its properties, and a reliable process for
its measurement.

13



Classical Mechanics

2.1 Force, Moment of a Force, Distributed Actions

2.1.1 Concentrated Force

A (concentrated) force is a vector quantity with physical dimensions,

fforce] — [mass.][len;gth]
[time]

which can be measured using a dynamometer, and whose effect can alter the equilibrium or motion conditions of a physical
system.

In addition to the typical information of a vector quantity - magnitude, direction, and sense - contained in the force vector
F, it is often necessary to know the point of application or the line of application of the force.

2.1.2 Moment of a Concentrated Force

The moment of a force F' applied at point P, or with a line of application passing through P, relative to point H is defined
as the vector product,

-

My=(P—H)xF

2.1.3 System of Forces, Resultant of Actions, and Equivalent Loads

Given a system of NV forces {ﬁn} LN applied at points P, we define:

n=1:

* resultant of the system of forces: the sum of the forces,

N
R=YF,,

n=1

* resultant of the moments with respect to a point H: the sum of the moments

N
MH:Z(Pn_H)Xﬁn’

n=1

* an equivalent load: a system of forces that has the same resultant of forces and moments; for a system of forces,
an equivalent load can be defined as a single force, the resultant of the forces R applied at point () derived from
the equivalence of moments

[ayl!

Il
M=
s |

i
L

(P, —H) x F,

n

[nyl]
Il
M=

(Q—H) x

3
Il
—

14 Chapter 2. Actions
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2.1.4 Couple of Forces

A couple of forces is an equivalent load to two forces of equal magnitude and opposite sense, FQ = —Fl, applied at two
points P;, P, not aligned along the line of application of the forces to have non-zero effects.

todo image

The resultant of the forces is zero,
ReF+F—=F —F =0,
while the resultant of the moments does not depend on the moment pole,

- -

My = (P, —H)x F,+(P,—H)x Fy =

I
~
\
=
X
=
\
S
=
X
=
I

2.1.5 Force Fields

todo

2.1.6 Distributed Actions

todo

2.2 Work and Power

In mechanics, as will become clearer later (todo add reference), the concept of work is linked to the concept of energy.
todo

2.2.1 Work and Power of a Force

Work. The elementary work of a force F applied at point P that undergoes an elementary displacement d7 p is defined
as the dot product between the force and the displacement,

SW = F - dip . 2.1

The work done by the force F applied at point P moving from point A to point B along the path £, 5 is the sum of all
elementary contributions - and hence, in the limit for elementary displacements — 0 for continuous variations, the line

integral,
WZAB =5 /
0

AB

5W:/ F.dip. (2.2)
ZAB

In general, the work of a force or a field of forces depends on the path £ 4 5. In cases where the work is independent of
the path but depends only on the endpoints, we talk about conservative actions.

Power. The power of the force is defined as the time derivative of the work,

oW - dr -
P = — = F . 7P = F .U
dt dt UP

2.2. Work and Power 15
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and coincides with the dot product between the force and the velocity of the point of application. Be cautious if a force is
applied to geometric points rather than material points, such as in the case of a disk rolling without slipping on a surface:
at every instant, the (new) material contact point has zero velocity, while the geometric contact point is the projection of
the center of the disk and moves with the same velocity, v = R

2.2.2 Work and Power of a System of Forces

Work. The work of a system of forces is the sum of the works of the individual forces,

M=

N
W =>oW,=>F,-dr,
n=1

Il
-

n

Power. The power of a system of forces is the sum of the powers of the individual forces,

N
P=> P, =) F,-b,

n=1

M=

3
Il
—

2.2.3 Work and Power of a Couple of Forces

Work. The elementary work of a couple of forces is the sum of the elementary works,
W = F,-dit, + F, - dity =
= F, - (d, — dF'y) =

Power. The power of a couple of forces,

can be rewritten if the points of application perform a rigid motion act (todo verify the definition of motion act and if it
should be introduced),

as
P = q1 (171—172)—
= H1 [0 x (P, —P)] =
:@‘[(Pl_Pz)Xﬁl]:
=o-C.

2.3 Conservative Actions

In general, the work of a force field acting on a point P moving in space from point A to point B along a path £ 4 5
represented by integral (2.2) depends on the path, and this dependence on the path is usually highlighted with the use of
the symbol ¢ in the elementary work (2.1).

If the work of a force field does not depend on the path ¢ 4 5 but only on the endpoints A, B, for all pairs of points within
a region of space (), the force field is said to be conservative in the region €2 of space. In this case, the work integral can

16 Chapter 2. Actions
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be written as the difference of a scalar field, U (P) or its opposite V (P) := —U(P),

= U(B)~U(4) = AU
= V(A) —V(B) = A,V

The functions U, V" are respectively defined as the potential and potential energy of the force field. From the definition
of a conservative force field it readily follows that
jé F.-di=0.
0

The elementary work can thus be expressed in terms of the differential of these functions,

= —dV = —dF - VV

Comparing this relation with the definition of work §W = dr - F.itis possible to identify the force field with the gradient
of the potential function, and the opposite of the gradient of the potential energy,

F=VU=-VV.

Since the force field can be written as the gradient of a scalar field, and the curl of a gradient is identically zero, the curl
of a potential force field is identically zero,

VxF=0.

Note: The reverse logical process - V X F=0 implies F=vVU implies F conservative, i.e. independence of the work
from the path - requires the domain continaing the integration path ¢ to be simply connected.

Example 2.3.1 (Force fields in non-simply connected domains)
In a region of E?, described with Cartesian coordinates, containing the origin O = (,y,) = (0, 0) the vector field

S x . y
Fy(7) = g:2+y2x+:172+y

50

is conservative, while the vector field

- Yy ~ T
FQ(T):_x2+y2m+:r2+y

3V

is not conservative, even though their curl is zero in all the points of the domain where the field is defined - they’re not
defined in the origin.

2.3. Conservative Actions 17
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2.4 Examples of Forces

2.4.1 Gravitation
Universal Law of Gravitation

The force 1312 exerted by a mass m,, at P, on a mass m, at P, is described by Newton’s Universal Law of Gravitation,

P,—P
F12—Gm1m27|P PP
1
or
7 1o
Flz:Gm1m27|F B
12

Tio
|7y

where 7, = (P, — P;) is the vector pointing from point P, to point Py, 715 = |15| is its magnitude, and 7, =
the unit vector in the same direction. The universal gravitational constant G is

‘IS

Nm?2

G =6.67-10"1
kg?

and is considered a constant of nature.

Principle of Superposition of Causes and Effects (PSCE). Principle of superposition holds, i.e. the force acting on a
mass m placed in P due to a set of N masses {m, },_1.y placed in P, is the sum of individual forces Fj,,

. " a —P
F= m . 2.3)
o Z Ep _ p3 |Pk PJ3

Gravitational Field

The gravitational field generated by a set of masses {m,, },_,.,y located at P, is a vector field associating a vector with

physical dimensions {f;’;cs:} to each point in space P, that can be thought as the force per unit-mass acting on a test mass

m placed in P, whose expression directly follows from (2.3)

Gravitational Potential Energy. Gravitational potential of a system of 2 masses reads

1

V(P) = memlm 5

18 Chapter 2. Actions



Classical Mechanics

as it can be easily shown evaluating its gradient,

. 0 1
1

- 1 0
= —Gnlmll'k <_|P—F)1|2) aixk‘P—Pl‘ =

G - 1 Ty — Tk
=Gmm,; 2 =
YR\IP-P2) |P-P
T — Tk o
e Zk "Lk s
mm1|P_P1|3Ik
P—P
= Gmm, — 11
PR

Potential energy stored in a system of N point masses {m, },_;. coincides with the work needed to build the system - a
common choice to set the arbitrary additional constant of the energy is setting it equal to zero when masses are at infinite
distances -, namely

summing over different unordered pairs, i.e. {1,2} and {2, 1} are the same pair and thus considered only once, or
1 1
V(P,) =+ Z Gmymy—s——07
(i,k) itk [Py = Bl

summing over different ordered pairs, i.e. (1,2) and (2, 1) are different pairs.

Gravitational Field Near Earth’s Surface

Within a limited domain near Earth’s surface, it is common to approximate Earth’s gravitational field as a uniform field,
directed along the local vertical toward the center of the Earth, with intensity g = G %.
E

This model can be derived by approximating the position vector relative to the Earth’s center P — Pp ~ Rg7 and the
unit vector identifying the direction from a point in the domain to the Earth’s center with the local vertical 715 ~ —Z,

The gravitational force experienced by a body of mass m near Earth’s surface is thus

F,=—-mgz,

commonly referred to as weight.

Gravitational Potential Energy. It can be shown that the gravitational potential near Earth’s surface becomes

V(P)=mgzp .
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Proof.

With the series expansion, with P — P, = R,7 + d, and |d| < Ry,

1
P)=— M =
V(P) Gm E|P—PE|
1 RE?’d
~GMym | —— - =
¥ Ry R}
B GMy GME? i
B Ry Ry =2
const =g

Gravitational field of a continuous mass distribution

Mass density field p(7) for 7, € V}, produces the gravitational field in 7,

T =T

iR = [ dii) == [ Gplr) 0.
ToEVy ToEVp |’I“—’I“0‘

By direct computation, the gravitational potential ¢(7), s.t. § = V¢, reads

1
o) = [ Goli) =
To€V) 0 |T - T0|
Gauss’ law for the gravitational field

The flux of the gravitational field produced by mass distribution p(7) in volume V;, thorugh a closed surface OV reads

RN r—r ~ /s
f §(7) () = —G f / T A =
redV redV roevo ‘7'*7"0|

L T—7Ty .,
=G [ ol ;5 =T )
o Vo reov | — 7|

The inner integral can be written as the solid angle of the surface OV as seen by the point 7;, whose value is

L 1 if 7y €V
7§ LTT0 R = 4An { 07, 0V)  if T, € OV
reov [T =Tyl 0 iti, ¢ VUV

Thus, net contributions of the flux of the gravitational field §(7) through 9V come only from points 7, inside V, 7, € V!
Thus the flux becomes

75 §(7) A7) = -G / dmp(7y)
redV ToeVNV

or, setting p(7;) = in all the points ¥ € V, 7 ¢ V|;, and changing the name of the dummy integration variable 7y — 7,

jéeav §(7) - () = —G /;ev"‘“”(?)

! Contributions from points outside OV are identically zero; contributions from surface V" are zero if volume mass density p(#) is regular enough,
i.e. it contains Dirac’s § representing surface distribution that would have non-negligible contributions in integration over V.

20 Chapter 2. Actions



Classical Mechanics

If the gravitational field g(7) is regular enough for the divergence theorem to hold, it follows

$awam= [ vogn=-c [ . 2.4
redV reV reV
or, for the arbitrariety of the volume V/,

-V .g=4nGp .

Introducing the gravitational potential ¢(7*), whose gradient equals the gravitational field V¢ = ¢ by definition, a Poisson
equation for the gravitational potential follows

—V2¢ = 4nGp . (2.5)

2.4.2 Elastic Actions: Linear Springs

todo

2.5 Constraint Reactions

Kinematic constraints act on a system by limiting its possible movements, exerting forces and moments, which are defined
as constraint reactions.

In general, at an ideal constraint (todo provide definition of ideal constraint and discuss/mention/refer to friction), a
constraint reaction corresponds to each constrained degree of freedom: for example, the constraint of translation of a
point in a direction has a corresponding reaction force in that direction; the constraint of rotation around an axis has a
corresponding moment aligned with that axis.

These conditions can be derived from the equations of dynamics for massless systems, as often considered in the ideal
constraint model.

2.5.1 Contact Actions

Constraint Reactions of Ideal Constraints

Ideal constraints are models that do not perform net work, and are thus conservative elements. As should become
evident in the subsequent sections from the expressions of relative velocities and exchanged actions,

P =17, Fy 40y Fip+ &y - My +wy - My =
= (V) —Ug) - Foy + (0 — W) - My, =
_ =rel ~rel \ 7
= U5 - Foy + Wiy - My,

both terms are zero either because the relative motion is zero, or the actions act orthogonally to the relative motions.

2.5. Constraint Reactions 21



Classical Mechanics

Fixed Joint

The fixed joint constraint prevents both relative motion and relative rotation,

2 . 5 =
0=151" =0, — 7y Fiy = —Fy
A _ ~rel _ ~, — I » _ »
0=w5] =w, —w My = —My,

Slider

The slider constraint prevents relative motion in one direction and relative rotation.

mrel _ >0 = R _
v Vo1 = Vi2 — Y 0=F1=Fn
_ el __ _
0=v:% = Va2 — Vs ) Fiio=—Fyn
N _ ~rel _ ~ - v N
0 =057 = wy — Wy My = =My,

Cylindrical Joint

The cylindrical joint constraint prevents relative motion and allows rotation around one axis.

A _ =rel _ = ped
0 =151" = Uy — 04 Fiy =—Fy
rel __ . a
v Wior =~ Wi2 T Wi ) 0= DM,y =M,
R _ ~rel _ ~ — *A -
0=0wr% =Waho —Wa M 19 = =M 91

Spherical Joint

The spherical joint constraint prevents relative motion but allows general rotation.

el o o 5 =
0=151 =7, —7; Fiy = —Fy

el = P .
Vs = Wy — Wy 0= M5 =DM,y

Roller

The roller constraint can be thought of as a combination of a slider and a cylindrical joint.

v 5£re211 = Upa — Up1 0=F; 15 =Fiy
0= i%) = Va0 — Va1 Fiio=—Fyn
v w%gll =Wio Wi ’ 0= ]\{E,m = MZ,%l
0= Q%) =0 — a0 M, 10 = —Mj, 51
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Support

The support constraint is a unilateral constraint todo add description

Friction

Static Friction

Static friction is the type of friction that occurs between two bodies when there is no relative motion between them, acting
as a tangential force to the contact surface. The simplest model of static friction assumes that the maximum static friction

force F}} .. that can be exerted between two bodies is proportional to the normal reaction between them, N,

F’l‘?’LaiE = /’L s N °
The proportionality constant ;° is defined as the coefficient of static friction. Generally, static friction forces are deter-
mined by the equilibrium conditions of the body, if these conditions can be met, and the relation

F¥| > F,

axr *

Dynamic Friction

Dynamic friction occurs between two bodies in contact and in relative motion, acting as a tangential force to the contact
surface. The simplest model of dynamic friction assumes that the dynamic friction force is proportional to the normal
reaction between the two bodies and directed opposite to the relative velocity,

Uy

U1l

V12

F 12 = —u'N
where F‘u is the force acting on body 1 due to body 2, and v,, = ¥; — ¥, is the velocity of body 1 relative to body 2.

Pure Rolling

todo add description

2.5. Constraint Reactions 23



Classical Mechanics

24 Chapter 2. Actions



CHAPTER
THREE

INERTIA

Inertia deals with mass and mass distribution of systems.
But what is mass? Mass is a physical quantity, a property of the system, that manifests itself:

* in gravitational attraction (being both the origin of gravitational force and the property that makes a system sensible
to gravitational attraction),

* inresistance to change of motion of a system under external actions, as it will be clear from principles and equations
of motions in dynamics

In the range of application of classical mechanics mass conservation holds, as stated by Lavoisier principle: the mass
of a closed system is constant.

Beside mass, three main additive dynamical quantities are introduced: momentum, angular momentum, and Kkinetic
energy. Even though their meaning could not be clear in this chapter, it would be clear in the following chapters, in the
derivation of equations of motion of mechanical systems, like point mass, system of point masses and rigid bodies,. ..

3.1 Point mass

3.2 Discrete masses

Momentum.

Angular momentum.

Kinetic energy.

25
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3.3 Continuous systems

Momentum.
Q= | pv

Vi

Angular momentum.
Ly:= [ (P—H)xpb
Vi

Kinetic energy.

1

K= | Splif?
Vi

3.4 Rigid systems

The expression of dynamical quantities for rigid bodies can be written in terms of the velocity v, of a point () of the
rigid body and its angular velocity w, exploiting the law of rigid motion (1.1) to write the velocity of each points of the
rigid system as functions of U, and ,

ip =g +@x (P—Q).

3.4.1 Discrete systems
Momentum.
Q= zk:mkak - Zk:mk (ig +& % (P, —Q)) =
= mi, —Zk:mk(Pk_Q) X @ =
=mig+ S5 -w,
having defined the static moment of inertia (a 2"%-order antisymmetric tensor)
SQ = Sp, = *zk:mk(Pk —Q)y -
Angular momentum.

EH:Z(Pk_H)kaﬁk: Z(Pk—Q)ka5k+(Q—H)XQ
%

k

Lq
and

EQ:;(Pk_Q)xmkﬁk:zk:(Pk—Q)ka(%‘(f’k—Q)X@):

—

:Sg‘UQ+HQ'J},
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having recognized the transpose of the static moment of inertia, and introduced the tensor of inertia w.r.t. reference point

Q

Kinetic energy.

.
K = zk: gmk|vk\2 =

1 1 I R
7§m|vQ| + 5% So W+ 5w S Ut 5w lg-@=

1 I D .

1. - 1. -

having used the vector identities

and having introduced the expression of momentum and angular momentum in the last step.

Note: The components of static moment of inertia and tensor of inertia in a material basis - following the motion of the

system - are constant.

3.4.2 Continuous systems

Momentum.

having defined the static moment of inertia (a 2"%-order antisymmetric tensor) for continuous systems,

So == s ==—/Vp<P—Q>X.

t

Note: Using the definition of the center of mass G,

1
G:f\/’pP’
m Jy

t

3.4. Rigid systems
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the static moment of inertia can be written as

So=— | p(P-Q) =-m(G-Q)..

Vi

Note: The components of static moment of inertia w.r.t. a material reference frame are constant. Using a material
Carteisan reference frame the tensor reads

so=- [ oP-0Q).

t

prox@ﬁ+w%muu°z@ﬂx%@%v

t

whose components can be collected in the antisymmetric matrix

0 —(2"=25) (W —ypy)
So=lsaul = [ o] =) 0 T —@-ab|,
Voo [=(°—wg) (a®—ap) 0

so that the vector product between — fv p(P — @) and a vector d reads

— /v p(P—Q) xa=— / p [2°(Ayla, — AZ%a,) +7° (AZ%a, — Azla,) + 2° (Axa, — AyPa,)]

=5-a.

Angular momentum.

EH:/(P—H)xpﬁz /(P—Q)XpﬁkﬂL(Q—H)XQ
v, Vi

Lo
and
EQ:éuxwwxwzlkp—@Xp@Q—w—wa»=

having recognized the transpose of the static moment of inertia, and introduced the tensor of inertia w.r.t. reference point

Q
lgi=— [ p(P-Q), (P-0Q),

t

;:/ plIP-QRI—(P-Q ®(P-Q),
V,

t

having used the tensor identity
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Note: The components of tensor of inertia w.r.t. a material reference frame are constant. Using a material Carteisan
reference frame the tensor reads

uQ:—/V p(P—Q).(P—Q), =

t

/VpHPQFu(P@@(PQ)J—

t
0 5050
_IQU i€

whose components can be collected in the symmetric matrix

1= [15.)= [ o

0

Ay2 + Az —AxyAy, —Azy Az,
—AyoAzy  Azf+Ayg  —AygAz |
—AzgAz,  —AzAy, Axd+ Az2

; 0, 0 0
being Az” := zp — x4

3.4.3 Properties of inertia tensors of rigid bodies
Static inertia

Center of mass, GG. Center of mass of of a rigid body is defined as the point G for which S, = 0, whose coordinates

are given by
1
G:—/ pP
v,

Anti-symmetric. From the definition of the static inertia tensor

Ql

SQ-d/Vp(PQ)xEL’éx/Vp(PQ)é.SQST.

t t

Transport.
Sq=— [ pP-Q). =
Vi
— [ oP-m) - [ pr-Q). -
v, v,
=Sp—m(R—-Q),,

or w.r.t. the center of mass G,

Tensor of inertia

Symmetric (semi)-definite positive. Inertia tensor is symmetric

ﬁ.nQ.wzﬁ-/Vp[|M|2U—M®M]-@:w.nQ.a.

t
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for all V4, w, and semi-definite positive

Principal axes of inertia. As the tensor of inertia is symmetric and definite positive, a set of orthogonal vectors Eio SO
that it can be written in diagonal form,

lg=1%x B ® B + 1%y EY ® Y + 1%, EY ® EY

with 7% > 0 (no sum).

211 —

Theorem 3.4.1 (Transport - Huygens’ theorem.)

%iﬁ@@h@@h

t

:—/pw—R»w—Rx—
|

t

- [ sr-@.P-n), -
V;

t

—

o

p(P_R)x(R_Q)X

p(R - Q)x(R - Q)x =

S\

=lg+Sg - (R-Q), +(R-Q

or w.r.t. the center of mass G,

~—

X SR_m(R_Q)x(R_Q)X

I]Q = UG_m(Q_G)x(Q_G)X :

3.4.4 Time derivatives of dynamical quantities

Time derivatives of dynamical quantities are easily evaluated using a Cartesian material reference frame.
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Momentum.

Angular momentum.

and

and

L
|

d = d . -
:mﬁQ—l—di(E?S?] W) =

0

. dE d
= mig + ’S?J 9+EOSO— dt =

. 4 x E0G0.,,0 4 00
= mig +w x E; S w; + Ej SU%wJ =

dt dt v
~ ~ duwd
=X B9 4+ g1 —
w X Lpw; + By i
_@X@+AO%
==t
=0
d d 0,0
%U:@(EZUZ)—
dv9
=G x B0 + B9 =L =
0d
d - d
ELH:£<<Q_H)XQ+LQ>,

(S5 -g +1g @) =

(SOUQJ + 1 0)] =

ZJ]

—
)
e}

€ gl gla

?g

0 (5508 154 + B (53, + 135 -

1]] U]
LT r 'd

=wx (S5 Vg +1g &)+ (SQ dtUQ—H] w):

=@ x (S5 tig +1g @) + (S5 - (g — @ x ) +1- &)

= (S5 (bg — @ x Tg) +1-&) + @ x (S5 - T + g - @)

3.4. Rigid systems
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Dynamical quantities and time derivatives with G as reference point

Q:mﬁc széa
L=l -w 7 Lo=lg-d+axlg-&
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CHAPTER
FOUR

DYNAMICS

Dynamics provides the link between the motion of a body, described by kinematics, and the actions causing that motion.

Newton’s principles of dynamics and the cardinal equations of dynamics are the physical laws that govern the motion of
mechanical systems: Newfon's principles agree with the experimental observations (for systems with negligible quantum
and Einstein relativity effects) and are the starting point - the principles - of Newton’s formulation of mechanics; from
these principles, equations of motion of mechanical systems are derived. These physical laws are formulated in terms of
certain physical quantities, such as momentum, angular momentum, or the kinetic energy of the system - already discussed
in the section about inerfia. These dynamic quantities have the property of being additive (by definition), and making it
particularly easy to write and interpret a general form of the equations governing motion. In general, these equations relate
the time derivatives of these dynamic quantities to the causes of their variation. In the absence of net causes, conservation
principles hold.

4.1 Principles of Newtonian Mechanics

Newton’s principle of dynamics are first established for closed systems, i.e. systems that don’t exchange mass with
the external environment and thus have constant mass. Balance equations for mass, momentum, angular momentum
and other quantities for arbitary systems (closed or open) are derived in Continuum Mechanics:Governing Equations,
exploiting Reynolds’ transport theorem.'

Mass conservation. In the regime of classical mechanics, Lavoisier principle states that the mass of a closed system is
constant. Roughly speaking “nothing is created nothing is destroyed”.

First Principle of Dynamics (Newton’s First Law): inertia and Galileian invariance. A body (more precisely, the
center of mass of a body) on which no net force acts remains in its state of rest or uniform rectilinear motion relative to
an inertial reference frame.

Second Principle of Dynamics (Newton’s Second Law): momentum balance. Relative to an inertial reference frame,
the change in momentum of a system is equal to the impulse of true external forces (see Definition 2.2) acting on it,

AQ =TI°.

In the case of smooth motion, where the momentum can be represented as a continuous and differentiable function of
time, the second principle of dynamics can be expressed in differential form,

Q= ke,

where the resultant of the external forces, Re = %, is the time derivative of the impulse.

! Reynolds’s transport theorem provides the rules for time derivatives of integrals on arbitrary domains in Euclidean space, that allows to change
representation to and from closed systems (material volume, a geometric volume moving with the physical system) and open systems (usually control
volumes of some regions of the system that can exchage mass with the exterrnal environment).
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Third Principle of Dynamics (Newton’s Third Law): action-reaction. If a system ¢ exerts a force Fji on a system j,
then system j exerts an “equal and opposite” force ﬁij on system %, with equal magnitude and opposite direction,

4.1.1 Inertial reference frame

Force sensors in an inertial reference frame measure only true forces, as defined in Definition 2.2.

Here the effect of non-inertial reference frame in the description of the motion is shown on the dynamics of a point
system, using 2" principle for the description of the dynamics for an inertial observer, and the rules for the relative
kinematics of a point.

Here, an inertial reference frame is referred as 0, while the generic reference frame is referred as 1. The equation of
motion of a point system P w.r.t. the inertial reference frame is governed by Newton’s second principle,

-0 A
Map o, =F,

being EL(}_, /0, the acceleration of point P w.r.t. the origin O, of the inertial reference frame 0, as seen by the same
reference frame O (the meaning of the apex). From relative kinematics, (1.9)
md’}g /0, = F+
) - - -1 i -
—m (@0 o, + 1o X (P—0y) + 2y X Thy, + @170 X [@1)9 % (P —0y)]
In order for the reference frame 1 to agree with the acceleration of any point P with the inertial reference frame 0, the
content of the square brackets must vanish, and thus:

. d’%l 10, = 6 i.e. the acceleration of the origin of the reference frame O; w.r.t. to the reference frame 0 must be
Zero

Wy Jo = 0, and thus implying @, Jo = 0, i.e. the angular velocity of the reference frame 1 w.r.t. the reference frame
0 are zero.

Thus, reference frame 1 agrees with the measurements of accelerations and forces of an inertial reference frame if:
* its origin O, is in uniform motion w.r.t. O,

« its orientation R'/0 is constant in time, so that angular velocity and acceleration are identically zero.

Definition 4.1.1 (Class of inertial reference frames)

If these conditions hold, it’s not possible to find which reference frame is “more absolute” than the other, but all the
reference frames with constant relative orientation and origin in uniform relative motion are inertial reference frames,
w.r.t. which the governing equations have the same expression.
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4.2 Equations of Motion and Conservation Principles

Starting from the principles of Newtonian mechanics, it is possible to derive the dynamical equations governing the motion
of mechanical systems. These equations governs the change of dynamical quantities, momentum, angular momentum,
kinetic energy, linking them to (external) forces, (external) moments and (total) power. Under certain conditions,
and only in these cases, the cardinal equations of dynamics becomeprinciples of conservation of dynamic quantities: by
observing the expressions of the cardinal equations, it is easy to infer that the condition to obtain a conservation principle
is the vanishing of all terms except for the time derivative of the conserved quantity.

4.2.1 Equations of Motion

The general form of these equations is easily expressed in terms of the dynamical quantities discussed in the section about
inertia. Cardinal equations, or equations of motion, are collected here in their most general form for closed systems, and
derived in the following sectinos for different systems: point mass, systems of point masses, rigid body,. ..

Momentum Balance. The time derivative of the momentum is equal to the resultant of the external forces,
@ — Re . “.1)

Angular Momentum Balance with respect to a point H. The time derivative of the angular momentum with respect
to a point H, minus the “transport term,” is equal to the resultant of the external moments with respect to the point H,

Ly+iyxQ=N. 4.2)

Kinetic Energy Balance. The time derivative of the kinetic energy is equal to the total power acting on the system, which
is the sum of the power of the external actions and the power of the internal actions within the system,

K = pi°t = p¢ + pi (4.3)

4.2.2 Conservation Principles

Under certain condiitons, equations of motion become principles of conservation of dynamical quantities. These con-
ditions are easily derived by inspection of the equations of motion, nullyfing the causes of change of the dynamical
quantities. Beside the conservation of momentum, angular momentum and kinetic energy, a principle of conservation
of mechanical energy arises when actions acting on the system are conservative, so that its power can be written as a
time derivative of a potential energy.

Conservation of Momentum in the presence of zero net external forces. If the resultant of the external forces is zero,
R¢ = 0, from the momentum balance, we immediately obtain

@:6 — Q:Q:const.

Conservation of Angular Momentum in the presence of zero net external moments. If the choice of the point H
nullifies the transport term, 7z X Q = 0, and if the resultant of the external moments is zero, M¢, = 0, from the angular
momentum balance, we immediately obtain

LH:G — EH:EH:const.

Conservation of Kinetic Energy in the presence of zero total power. If the total power of the actions on the system
is zero, Pt°t = (, from the kinetic energy balance, we immediately obtain

K=0 — K = K = const.
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Conservation of Mechanical Energy in the absence of non-conservative forces. In addition to the three conservation
principles directly derived from the cardinal equations, we add the principle of the conservation of mechanical energy,
which is the sum of the system’s kinetic and potential energy,

Emech =K+V ,

in the absence of non-conservative actions. If there are no non-conservative forces, the power of the actions on the system
can be written as the negative of the time derivative of the system’s potential energy,

ptot — —V

From the kinetic energy balance, we get

. . d . _
K=-V = S(E+V)=0 —»  Erht=0 o Bt = Ereh = const

4.3 Equations of motion of a point mass

Dynamic quantities.

—

Qp = mplp
Lpy:= (7p —7Tg) X Q=mp(Tp —Tg) X Up

1, 1 .
K= 5Mplp Up = §mP|UP|2

Momentum balance equation. The balance equation of momentum of a point P with mass m, @ p = mip readily
follows the second principle of dynamics,

Qp = Rp
Angular momentum balance equation. Time derivative of the angular momentum is evaluated with the rule of deriva-
tive of product,

zP,H = % [mp(Fp —7y) x Up] =
=m [(?P —Ty) X Up + mp(Fp — Fpy) % 6P] =
= —mpry X Up + mp(ip —g) X Up =
=Ty XQ+M§Imt.

Kinetic energy blanace equation.
. d /1
KP:E <§mPUP"UP> =

:mPUP'UP:

:Re'ﬁpipe:PtOt

being the power of external actions P¢ equal to the total power acting on the system, assuming there is no internal action
in the point system, or at least they have zero net power.
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4.4 Equations of motion of a discrete system of point masses

Starting from the dynamic equations for a single point, the dynamic equations for a system of particles can be derived using
the third principle of dynamics, action/reaction. The development of these equations helps us understand that the additive
nature of dynamical quantities (momentum, angular momentum, Kinetic energy) directly follows from their definition.

Momentum Balance. The momentum balance for each point ¢ in the system can be written by expressing the resultant
of the external forces acting on the point as the sum of the external forces acting on the entire system and the internal
forces exchanged with the other points of the system,

Zesti | e .
fo i Fipzt + Z F”
J#i
The momentum balance equation for the i-th mass thus becomes
@ Rezt N Femt + Z
J#i
By summing the momentum balance equations for all masses, we obtain
2 Q=2 F a0 Fy
% i j#i

SR (B4
N ——— —
=0

{i,5}

Defining the momentum of the system as the sum of the momenta of its parts, and the resultant of the external forces as the
sum of the external forces acting on the parts of the system,

4-%4,
e ._ Fext

we recover the general form of the momentum balance equation,

0= ke

Angular Momentum Balance. The angular momentum balance for each point 7 in the system can be written by ex-
pressing the resultant of the external moments acting on the point as the sum of the external moments acting on the entire
system and the internal moments exchanged with the other points of the system,

rext,t _ nrext \ 7
My ;" = My’ + Z My ;-
J#i

In the case where parts of the system interact via forces, the moment with respect to a point H generated by mass j on
mass ¢ is given by

MHZJ @ —TH)XFij.
The angular momentum balance equation for the ¢-th mass thus becomes

Ly, +7y x Q; = Ie-ITt t= = Mg+ Z My ;-
JFi

By summing the angular momentum balance equations for all masses, we obtain

Z(EHFT"H Xéz) :ZMﬁmerZZMH”

% i g+

- ZMIFLITI + Z (MH ij + MH ]z)

{i.5} 5
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Recognizing the total momentum of the system, and defining the angular momentum of the system as the sum of the
angular momentum of its parts, and the resultant of the external moments as the sum of the external moments acting on
the parts of the system,

Ly=) Ly,
M@:ZM@

we recover the general form of the angular momentum balance equation,

Kinetic Energy Balance. The kinetic energy balance of the system can be derived by taking the scalar product of the
momentum balance equation for each point,

Uy MU, =T, - Qﬂ+§: ),
recognizing in the first term the time derivative of the kinetic energy of the i-th point,

d (1 ) Lo
K3 dt 171 (R
and summing these equations to obtain
ILED DR ES LA Bt
% % J#i

Defining the kinetic energy of the system as the sum of the kinetic energies of its parts, and defining the power of the
external/internal forces acting on the system as the sum of the power of all external/internal forces in the system,

K = Z K,
pe . Z Pezt Z T Fe
Pt o= Z Pznt Z B, Z

i JFi

we recover the general form of the kinetic energy balance equation,

K = P® + P’ = ptot .

Note: While internal forces and moments have zero net resultant in momentum and angular momentum balance, this is
not true for power of internal actions in kinetic energy equation.

4.5 Equations of motion of a rigid body

With different choices of the reference point H, the general expression of dynamical equations may have different, but
equivalent, forms.
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4.5.1 General equations

Momentum balance equation.

d -
—~0 = R¢
dt @
Angular momentum balance equation.
d T 2! \Te
Kinetic energy balance equation.
d
K = Ptot
dt

4.5.2 Dynamical equations w.r.t. the center of mass GG

Momentum, angular momentum and kinetic energy

Q = mig Q = mig
nglnG.w2 1 ; Le=lg-d+@xlg-&
Equations of motion.
Q = k¢ mig = R°
e s ) iy - 7
LG_ME’ [lG' -l—wXﬂG w:Mé

dK 1d ,, = _ =
o =33 (e Q+de-La) =
1,. .
:§<6G'mﬁc+ﬁgova+@‘ﬂG W+ @ (U W+ xlg (Z)))
:ﬁG‘mHG‘i’a’)‘”G w

4.5.3 Dynamical equations w.r.t. a material point )

Momentum, angular momentum and kinetic energy

Lo=S8L -65+1, @ 7 . R X - . .
Q qu Q 1% ! ) IjQ:[Sg~(vQ—wva>+ﬂ~w]—&—wx(Sg-vQ—i—ﬂQ-w)

Equations of motion.

{0
ZQ+6QXQ:M5

4.5. Equations of motion of a rigid body
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mig+Sg @W+d x Sq &= R
(S5 - (g — @ x Ug) +1-&] + @ x (S5 - g + g - &) + g x [mig + S - &] = Mg

or using the “material time derivative”

and matrix formalism to write these two vector equations

o 3 ) -]
SQ lo| dt | @ Ugx Wy SQ lo @ Mé

Starting from differential equations

todo

4.6 Equations of motion for continuous media

4.7 Particular Motions

In this section, we will study certain particular motions that are interesting and useful to analyze for educational, historical,
and practical reasons.

¢ Uniform rectilinear motion
¢ Uniformly accelerated motion
¢ Uniform circular motion
¢ Oscillatory and damped oscillatory motions:
— Free oscillations:
* Mass-spring(-damper) system
+ Pendulum
— Forced oscillations:

+ A first step towards structural analysis and beyond (“every physical system is a system of many harmonic
oscillators”)

» Concepts of frequency response and resonance. todo video and/or script on frequency response of struc-
tures and seismic structures, mass-damper,...

 Gravitation: Starting from Newton’s universal law of gravitation, we study the motion of celestial bodies in two-
body systems, discovering that their trajectories describe conic sections (circle, ellipse, parabola, hyperbola), and
demonstrating Kepler’s laws.

» Rotation of a body around a fixed point, Poinsot’s motions
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4.8 Equilibrium and Stability

A system is in equilibrium is all its components are in equilibrium, and thus there exists a reference frame w.r.t. which
the momentum and the angular momentum of all its components are equal to zero.

4.8.1 Eigenvalue stability

6Q = mdvg

4.8.2

4.8. Equilibrium and Stability 41
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CHAPTER
FIVE

LAGRANGIAN MECHANICS

Classical mechanics can be re-formulated starting principles of calculus of variations, usually referred as analytical me-
chanics. Under some assumptions, that will be discussed during the derivation, analytical mechanics is equivalent to
Newton mechanics.

Symmetric system. Lagrange mechanics provides a symmetric form of the (linearised?) governing equations, without
any additional effort. This could be quite useful, especially for exploiting numerical methods for symmetric (and definite
positive, sometimes) matrices.

Here, the equivalence of analytical mechanics and Newton mechanics is stressed, by means of the derivation of the
principle of analytical mechanics starting from the equations of motions derived in Newtonian mechanics, relying on the
conservation of mass and the three principles of Newton mechanics. The process is shown in the following sections for
point systems, systems of points, extended rigid bodies and follows these steps:

« strong form of equations. Starting point is the dynamical equations of Newton mechanics, here also referred as
the strong form of equations

» weak form of equations. Strong form are recast in weak form, also referred as D’Alembert approach or virtual
work formulation, multiplying strong form of equations for arbitrary test functions

¢ Lagrange equations. A proper choice of test functions as a function of generalized coordinates, and some ma-
nipulation, leads to Lagrange equations. While the choice of test functions depends on the nature of the system,
their expression always reads

d (0L 0L
(=)= 0., 5.1
dt (aqk) ok ~ Qo ©-
being ¢*(t) the generalized coordinates, £ (¢*(t), q?k(t),t) = K (¢*(t),¢"(t),t) + U(g*(t),t) the Lagrangian
function of the system, defined as the sum of the kinetic energy K and the potential function U = —V/, being V'
the potential energy - s.t. the conservative vector field reads F' = —VV, and @), the generalized force.

* Lagrange equations can be interpreted as a result of a stationary principle of a functional, .S, defined action func-
tional, as it can be shown with the tools of calculus of variations.

- If Q,« = 0, multiplying by w”(t), integrating over time from t,, t;, and assuming that w(t,) = w(t;) = 0,

t
! d (0L o<
[0 ®) dt \ 0g* Jq

9L\ |" b oL 0L
o k _ -k k
= wh(t) (78(]"“) [0 {w (t) ot + w"(t) 78q"‘] dt .

to
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If w"(t) is equal to zero for ¢ equal to ¢, and ¢,, first term vanishes

0:—[1 [w (t)gi+ ()gﬂ dt

_ _1/%15 [wk(t)%(ql(t),ql(t),ﬁ +wk(t)%(dl(t>,ql(t),t>} dt =

g

e—0 £

~— i {1 [ <[40 5% ot w0+ 5% @ond0.0] dt} -

e—0

— —lim {1 / 1€ (dH(t) + 2t (£), (1) + wl(£), 1) — £ (¢ (), g1 (8). £)] dit + o(e)} -

— 5 / (3 (), g (8), ) dt = —8S[gH ()]

0

i.e. Lagrange equations are equivalent to the stationary condition of the action functional

Slgh(t)] = / L@, d (), dt

0

- If Q,, # 0, the variational principle becomes

b d 0L\ 0L
j— k JR— —_— —_—— =
O‘[g o0 | (57) ~ g~ ] o

oL\ (M., 0L dL b
)to—lo [“’(ﬂaTijr (t)ak]dt—ké W (0O, dt .

= ut0) (57

—5/ dt+/ 5q*(£)Q, dt |

having written the arbitrary test function as w*(t) =: §¢*(¢) to keep in mind that they’re used as variations
of functions ¢*(t).

The second contribution is usually defined virtual work of generalized forces )}, - that is equal to the virtual
work of actions not included in the potential U (¢*(t), t). For the very nature of variation, it can be thought as
the infinitesimal work done by forces for small displacements compatible with constraints, keeping time constant.

5.1 Lagrange Equations of the Second Kind

For ideal constraints. ..

5.1.1 Point

Newton dynamical equations - strong form. Dynamical equation governing the motion of a point P reads
mﬁp == Ee 5

being m the mass of the system, ¥ the velocity of point P, ap = 0 p its acceleration and Re the net external force acting
on the system..
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Weak form. Weak form of dynamical equations is derived with scalar multiplication of the strong form by an arbitrary
test function w0,

0=1- (mé — fa’,e) 2T (5.2)

Lagrange equations. Lagrange equations are derived from a proper choice of the test function. The position of the point
P is written as a function of the generalized coordinates ¢*(¢) and time ¢

Pp(t) =F(q"(t),1) ,

so that its velocity can be written as

) dip . . OF or o
UP(t) = df = qk(t) 8qk (ql(t)v t) + E(ql(t)a t) =v (qk(t)a qk(t)a t) ,
av
agqk

from which the relation between partial derivatives

o _ o0

= . 53
dqk gk (5-3)
follows. Choosing the test function w as
.o 0V
R

applying the rule of derivative of product, using Schwartz theorem to switch order of derivation, and exploiting relation
(5.3) it’s possible to recast weak form (5.2) as

D R
d (o5 N\ doF O .
7 (o ™) = g 0 g (RO RO
d (o5 N\ 9 .  oF .
= i (g ) =G = g (VU B
() DK DU O
~dt \9gk ogk  Ogk  OgF
=QFk

Introducing the Lagrangian function
£(d" (), a"(t), 1) = K (¢"(t), ¢"(t),t) + U(g"(¥), 1) ,

and recalling that potential function U is not a function of velocity and thus of time derivatives of the generalized coor-
dinates ¢, it’s possible to recast the dynamical equation as the Lagrange equations

4 (oey vz
dt \ dgk gk ’
being Q¥ the generalized force not included in the gradient of the potential VU - usually a non conservative contribution
or -
_ k _ . Renc.
) Q aqk
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5.1.2 System of points

Newton dynamical equations - strong form.
Weak form.

Lagrange equations.

5.1.3 Rigid Body

Newton dynamical equations - strong form. Dynamical equations governing the motion of a rigid body, referred to its

center of mass GG read
G-
f‘G - Mé 5

with momentum @ = mi and angular momentum ', = I, - &.
Weak form. Weak form of dynamical equations is derived with scalar multiplication of the strong form by an arbitrary
test functions w,, W,

0=, (mig—R)+,- (fG - Mg) Vi, @, (5.4)

Lagrange equations. Lagrange equations are derived from the weak form, with a proper choice of the weak test functions.
The “translational part” is recasted after choosing

_, or 0v
Wy = —F = — .
LT 9gk T Ok
Following the same steps show to derive Lagrange equations for a point system, the translational part becomes

d oK' OKT Ut
dt Ogk gk dgk TR

being K" = %m|17G|2 the contribution to kinetic energy of the velocity of the center of mass G deriving from the mo-
mentum equation, U*" the contribution to the potential energy U from the momentum equation, and Q%" the contribution
to the generalized force from the momentum equation.

The “rotational part” is recasted after choosing

00 0

i =22 _ 9
" Ogk  OgF

—

Angular velocity & can be written w.r.t the inertial {¢,} or the material reference frame { £, },

W=we;, =0;

Vv
and the inertia tensor as
le =1, E,QE;,
being the components /;; constant.
95 d(u 5 05 . d(&f; 4> d oo . aéMe
—_ — . — W) — — - e — [ . —_— . W= —
agk dt ¢ ok ¢ T dt \ogk ¢ dtdgk ¢ ogk ¢
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The first term becomes

d (aw I ﬂ> d (80aI ) d 9 (1ﬁ I ﬁ> d OK™*
JE— _ - W = — —_— o} = —— —W - - W [
dt \ogk ¢ dt \ 9k ") ~ datogk \2° ¢ dt 9k

The second term becomes

d 06 Lo 0 g .
— — .wziio ~w:
dt dgk ¢ dqk dt ¢
o .
Tog e
9 .
= 87(]}% (UaEa) 'Eb Ibcac =
oo

a (1
=t (570l =

L (L)
T agk \2¥ ) T Tk

The third term can be written as the sum of the derivative of a potential function and a generalized force,

€

o6 . Ut
— M& ==
8qk G aqk

+Qr
The rotational part of the wak form becomes

i aKrot aKrot aUrot
dt Ogk gk gk

= Qe

being K™t = %Cf) -l - & the contribution to kinetic energy of the rotation aroung the center of mass G deriving from
the angular momentum equation, U"°* the contribution to the potential energy U from the angular momentum equation,
and Q}°" the contribution to the generalized force from the angular momentum equation.

Adding together the contributions of the momentum and the angular momentum equations, the Lagrange equation can
be formally written with the same expression found for the system of points,

d (0L oL
au (7) ~ ok = Qo
dt \ 9q dq

being £ = K + U the Lagrangian function of the system, and K = K" + K™, U = U" + U™, Q» = QL% + Q1"

the kinetic energy the potential function and the generalized force of the system, defined as the sum of the contributions
coming from the momentum and the angular momentum equations.

5.2 Lagrange Equations of the First Kind

Explicitly making appear constraint forces, due to constraints

doL oL . .
aroq ~ag Gt

¢ (¢"(t),t) =0
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Example 5.2.1

Pendulum with point mass m and length ¢, with hinge position x ;; (¢) w.r.t. an inertial reference frame, in a gravitational
field g = gy

Position, and velocity of the point mass in P
Tp(t) =xp(t)z+yp(t)y = (xgy(t) + sinb(t)) T+ Lcosb(t) y
Up(t) =2p(t) 2+ yp(t)J = (@ + LO(t) cosO(t)) T — LO(t) sinO(t) 3

Approach 1. LE of the II Kind. LE of the II Kind provides free equations of motion. The system has one degree of
freedom. Here the angle 6(t) is chosen as the generalized dof. Kinetic energy K and potential function U,

1 . .
K =gm (23 + 2L 0 cos 6 + (26?)
U =mglcost

and Lagrange equation of the II-kind provides a free equation of motion, that immediately follows from direct evaluation
of the required derivatives

%2—5 = % [m(éx'H cosf + 529)] = mli 5 cos O — mli ;0sin 0 + me20
oL

20 = —méa'sHé sinf® — mgl sin 0

Thus, Lagrange equation reads

_ %% B % = ml20 + mgl sin 0 — mli g (t) cos 0

Approach 2. LE of the I Kind.

5.3 Lagrangian functions and time dependence

Some problems may have a Lagrangian function with an explicit dependence on time,
£(d" (), q"(t),1) -

Using the general form (5.1) of Lagrange equations, the time derivative of the Lagrange function reads

e 0L 0L 0L

dt T agk T ok T ar IxP
ar ~ o o (IxP)

d (.04 Ldoc 0L 0L

dt (q 3(]”“) T dgk T4 aq" T o (Lagrange eq.)

(008 g
‘dt(qaqk) Okt 5y -

This latter relation can be recast as

0L

d [.k{w £
ot '’

= —— | =¢*0Q, — 55
a |7 agr } q"Qy, (5.5)
i.e. time derivative of a physical quantity equals the power of actions not included in the potential, ¢*Q, and a contribution

of partial derivative of the Lagrangian function, 0, <.
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As it’s discusseed in the section for systems with Lagrangian function with no explicit dependence on time when the
Lagrangian function of the system is not an explicit function of time todo *discuss the cases when 9,£ # 0, the
equation (5.5) is nothing but the balance equation of mechanical energy.

When there is no generalized force, that can’t be included in the potential, (), = 0, and no explicit dependence of
Lagrangian function on time, 9, £ = 0, the equation (5.5) can be recast as an Euler-Beltrami equation,

] —_/—ﬁzE const.

describing the conservation of mechanical energy w.r.t. an inertial reference frame, in absence of non-conservative forces,
as discussed in the .

5.3.1 Lagrangian function with no explicit dependence on time

Let’s analyse first some properties of systems, whose Lagrangian function are not an explicit function of time,
£(d"(t),q" (1) = K(¢"(t),¢" (1) + U(g" (1)) ,

and then go back to the most general case. As the Lagrange equation is not an explicit function of time, relation (5.5)
reads

d {,kaﬁ _4 0.

at | ok
Since the Lagrangian doesn’t expliclty depend on time, and potential is not a function of time, relation (5.6) gives ¢* % =
2K, and thus the content of the braces is the mechanical energy of the system,

£
q'k%—£:2K—£:2K—K—U:K—U:Emec,
q

and it becomes clear that the relation is nothhing but the balance equation of mechanical energy

dEm(’,C
dt

_ sk
=4q Qk 1)
that becomes conservation of mechanical energy, in absence of non-conservative actions, ), = 0,

—mec
Emec = F const.

Properties of kinetic energy and potential
This section collects some properties of the kinetic energy and potential of systems, where physical coordinates of the

system are written as a function of generalized coordinates only, ¢*(t). As an example, coordinates of point masses,
material points of rigid bodies and the rotation tensor representing their orientation in space can be written as

so that velocities and angular velocities become

L dip ., OF
Up (¢"(0),4"(1) = 7 = d* 55 (¢°(0)
_drR OR i

@y (@50, 4" (1) = 5 - RT = 4" (1) o RT = ¢*(t) aq: (d"(1) ,
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As the kinetic energy of a mechanical system is a quadratic function of velocity and angular velocity of its sub-systems,
the kinetice energy can be written as

K (8(0,0°(6) = 54, (¢°(6) ¢ #(0).

Since A;; is symmetric w.r.t. the swap of indices (or it can be written in a symmetric form), partial derivative of the
kinetic energy w.r.t. ¢' reads

0K

87(1'1 = Aquj )
and
LO0K i
Proofs
oK o1, .1 1 ¢ .. . 0¢ 1 . .
o = o (340 ] = 34 G+ 4 | = VA + A =
5 &

5.3.2 Lagrangian function with explicit dependence on time

Some problems may have a Lagrangian function with an explicit dependence on time,
£ (q"(t),q"(t),t) |

in some cases like:
1. time-dependent contraints, whose motion is prescribed
2. time-dependent forces that can be included in the potential energy

3. choice of coordinates ¢*(t) that gives an explicit dependence on time of the physical coordinates, like positions and
orientations of rigid bodies

and leading to an explicit dependence on time of the velocities and angular velocities

O (64(0). ¢ 0),1) = 4/ (O 52 (64(0).0) + T (a¥(0).0)
90p 90p

G (6. 4°(0).6) = (O 5.7 (¢0).0) + 5F (@(D).0)

and thus of the kinetic energy.

In general, external actions with net power are required for conditions 1., 2., i.e. for moving constraints or for changing
potential fields acting on the system: even if variable constraints or external forcing acting on a system are prescribed and
thus add no degree of freedom to the system, they’re not free in general but requires external actions and power, as it can
be realized looking at the balance equation of mechanica energy.

Condition 3. is usually a result of a choice of coordinates in a non-inertial reference frame, whose motion is not described
by the coordinates themselves.
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Energy balance

dE _dK dU

dr At odr
aK_ds
dt  dt

dat 1 gk aq ot
_2d7K_7( a£>+ Ldoc oL 0L

dt i) T arag ¢ aq ot

_g{zK_ a£]+ N Paz_az}_aj_
o dt q ag¢| "1 latagk ~ agk) ot
=Qy
) oL d ..
=¢"Q, — E‘*‘*[ ¢" By, +2C|

Properties of kinetic energy and potential

The kinetic energy has a general expression

K= %qi‘jmij (¢"(t),t) + ¢'B; (¢"(t),t) + C (¢"(1), )

8K

a (Aqu] + Bk)

gk~ G  Ay;@ +24°By +2C — [¢* (A’ + By)] =

= "B, +2C

2K — gk

Example 5.3.1
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CHAPTER
SIX

HAMILTONIAN MECHANICS

Riformulazione ulteriore della meccanica di Newton, a partire dalla meccanica di Lagrange. Fornisce le basi per un

approccio moderno anche in altre teorie della Fisica. dots...

Starting from Lagrange equations derived in Lagrangian mechanics,

d 0L oL
4550,
dt \ 0¢ 0q
the generalized moment is defined as
0L
Py = qu )

and the Hamiltonian function as

‘7{<qk(t)7pk(t)a t) = pqu - £(ql(qupka t): ql(t)7 t) )
its differential reads

OH OH OH
dH =d¢" =— +dp, — + dt — =
1 dq* pkapk-

oL oL 0L
dpy ¢ + pr dg® — dq ok dgq RYG dt —-
B ——
=0

and thus it follows

N 0%
= o,
oK Jc

ot~ ogk
o3 oL

ot ot

Recasting Lagrange equations as

Hamilton equations follow
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CHAPTER
SEVEN

DYNAMICS

Exercise 7.1

todo Add description of the problem and image

Find:
* the pure equations of motion (solution methods: dynamical equilibria, Lagrange II,...) done
e constraint reactions (solution methods: dynamical equilibria, Lagrange L,...) todo
¢ equilibria and their stability todo

* evolution of the linear(ized) dynamics of the system around stable equilibria todo

Solution.

Kinematics. Using x, 6 as generalized coordinates,
F A= JTCE
7 = (x + £sin0)Z + £ cos Oy

'le == .”,U.’i'
Uy = (& + L0 cos 0)Z — (0 sin 0
Lagrangian function.
L=K+U
1 . 1 .
K= 57”,4|’UA|2 + §mB|UB|2 =
1 o 1 2 | 242 o
= 5Mad +§mB (x + £40 +2£:E0(:059>

1
U= —ikx,%; +mpgyp =

1
= ——ka? + mgglcosd

2
Lagrange equations (II type) RHS of Lagrange equations read
d /0L d . ; .
o (%) == (mad + mpd +mplhcosd) = (m, + mp) & + myl cos 0 — m 6 sin 0
0L
=k
ox v
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< (gj) jt (mBﬂ 9+mB€xcos9) :mBEZé—l—mBéa’écosG—mBchésine

0L :
20 = —mplafsind —mpglsinb
Generalized forces read
Qe =C
so that the pure equations of motion follows from Lagrange equations jt <%—§> — %—5 =Q,

(my 4+ mp) & +mplhcosd —mplh?sing + kx = F
mpl?0 + mpli cos § — mplif sin 6 + mplisin @ + mpglsing = C

and after the simplifications

(my 4 mp) & +mplhcosd —mplh?sing + kx = F
mpli cos § + mpl?0 + mpglsing = C
Obs. The first equation is the z-component of the momentum equation of the whole system. The second equation is the

angular momentum equation of the rod around the hinge in A.

Generalized forces on rigid bodies

Following the derivation of the Lagrange equations for rigid bodies, generalized forces are
Og - 06
=G Rey . Me
=3 g ¢
With the definition of 6, in the increment of the rigid body motion
dFA :dFB‘FGé‘ X (A—B),
and writing the resultant of forces and moments as
Re=)"F,
i
Mg, :Z(Fc—ﬁ‘) X Fi+ZCi

the generalized force can be recast as

ﬁz+Z£6z7

i.e. as the contribution of the single forces F’i acting on different points 7; the rigid body and the overall contribution of
the couples of forces C;.
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With 7. (q(t), ¢) and R (q(t), 1),

Time derivative becomes

L OR  OR] .
Uz—vc:{()afq‘*‘a} (7 —7%) =
_ R OR T 20 _ =0
i) 5 + 5] ® B2 )
T, —To
&, =R-RT
66, =0R-RT
aé’xzaﬁ "
dqg  Oq

Exercise 7.2
todo Add description of the problem and image
Find:

* the pure equations of motion (solution methods: dynamical equilibria, Lagrange II, Kinetic energy theorem - energy
conservation - since the problem has 1 dof,...) done

* constraint reactions (solution methods: dynamical equilibria, Lagrange L,...) todo
¢ equilibria and their stability todo

* evolution of the linear(ized) dynamics of the system around stable equilibria todo

Solution
Geometry.
R =dsin«
b=dcos?a
sothat & = «’a
R~ sina
Kinematics.

Position of the center of mass, C
7o =bcos0z + bsinfy — hz
Vo = —bfsin O + bl cos 0] = bé@l
Angular velocity @ of the rigid body
& =02+ ¢,
Velocity of point contact point A is zero, ¥, = 0 for pure rolling constraint. Being (A — C) = RZ, the general
expression of ¥4 as function of 6 and ¢ reads
Uy =0c+wx(A-C) =
= Gib0 + (02 + ¢2,) x RZ, =
=7, (b0 + Risina — Rp) =
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so that the kinetatic constraint (integrable, with arbitrary initial condition) between 6 and ¢ is
Ry = (Rsina+1b) 6.

Lagrangian function.

With
lo = 1,22 + Ly oy + 1,212,
& =02+ ¢F, = (gb — ésinoz) &, +fcosaz,
and using
) b .
p—Osina = —0
¢—bsina= 50,

the Lagrangian function becomes

L=K+U=
— 1 | | }” 0 +
= 2m Vo 2w c W mgrq =
. 2 .
= §mb202 3 { cpfﬁsina> + 1,62 cos? a] + mgbcos =
_! mb20? + 1 I, <b)2 + I cos?ar| 62 + mgbcosf =
2 2 R z

1~
5102 +mgbcosd ,

with the equivalent inertia
- b2
I=mb>+1, (—) +1,cos? .
R
Method 1. Lagrange equation (II). Legrange equation gives a pure equation of motion
d (0L 0L =
O=—|—)——57=10 bsind .
dt(&&) gp U mavsin

Method 2. Kinetic energy theorem - or energy conservation

Exercise 7.3

Solution
Kinematics. todo check kinematic constraints. No influence of 0?

Yo = 801 =Ty

R,
Lagrangian function.

1 1 1 -
K= 511‘*"% + ifzw% + §m1|vl\2 =

2 2
1 2y 2 Lo e
5(11+I27‘)<P1+§m1€9 =

1. . 1. . 1 .
Lt + S L5+ §m1€292 =
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Generalized forces read

Lagrange functions (II).

{

1
U= —§k92 — mglsind

Q, =C—RF
QOZO

(I + Ir?) 9 =C—R,F
my 020 4 k6 + mgl cos § = C

Exercise 7.4 (Inverted pendulum)

Solution
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CHAPTER
EIGHT

GRAVITATION

Exercise 8.1 (Ball falling in a tunnel through a planet)

A ball of mass m moves through a tunnel drilled through a planet of radius R, mass M and uniform mass distribution.
Neglecting the “mas defect” due to the tunnel in the planet,

* provide the expression of the force acting on the ball in the tunnel

* assuming no rotation of the planet, and zero initial velocity of the ball, provide the dynamical equation governing
the motion of the ball and integrate it to find the Iwa of motion

Uniform mass density reads p = % = Exploiting symmetry, the gravitational field can be a function of the

_M
%T{'RS :
distance r of the center of the planet only, and have radial direction,

g=—g(r)r. (8.1)

Formula (2.4) of the flux of the gravitational field,

jfew §(7) - 1(7) = G /FGVA‘“(?)

across the surface of a sphere of radius r - that has outward pointing unit normal vector 72(7") = 7(7*) -, exploting expression
(8.1) from symmetry, becomes for r < R

—g(r)dnr? = -G 4r é71'7’3 = —471'GM£

g - p 3 - RS

and thus

Force acting on the ball of mass mn thus reads F(7) = mg(7). The equation of motion becomes

o GM |
mi = F(7) = T
a linear second-order ODE with constant coefficients, whose solution provides an harmonic motion with pulsation 2 =

%‘f. The solution of this equation, with initial conditions at rest on the surface of the planet,
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Classical Mechanics

reads

S ~ GM . GM
7(t) = 7y cos Ft =7 Rcos Ft .

Exercise 8.2

Investigate the dynamics of the ball in the previous problem, if the rotational motion of the planet around its axis is
considered and if the ball is thrown in the tunnel with non-zero velocity.

¢ Normal actions of the wall of the tunnel on the ball

At the end of the tunnel, the ball moves above the planet surface while it’s attracted “downwards”. When the ball
comes back to the planet surface, does it target the tunnel?
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