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Introduction

The basic concepts expressed in this book are systematically presented
as statements (formal expressions that can be evaluated as true or false),
grouped into the following categories:

’m statements verifiable by a formal proof.
W property of particular relevance or generality.
Postulates statements whose truth is in some way evident;

therefore they do not require demonstration.

statements verified by experimental proof (see
“scientific method”).

specific and unambiguous formal agreements;
generally do not require any demonstration.

| Physical laws |

Definitions

Rules statements consisting of finite sequences of in-
- structions, programmed to achieve a certain re-
sult; they may require demonstrations that jus-
tify certain sequences.

Many properties are proved in detail. Some results (actually, very few)
are provided without proof, either because they can be easily proven or
because they require knowledge beyond the intended scope.

In the first chapter, general concepts of physics are introduced and
basic notions on error analysis in experimental measurements are devel-
oped.

Chapters two through four cover the main branches of Mechanics, in
the following order: Statics, Kinematics, and Dynamics.

Chapters five and six respectively contain the ”mathematical and
computational tools”, often referenced in previous pages, presented as
necessary formal support for physics.

The seventh chapter contains in-depth insights on topics that, at the
secondary school level, might interest particularly curious students or
teachers intending to propose enrichment activities.

The eighth, brief, chapter concludes the text with a collection of
formulas and results of significant scientific interest.
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4 LABORATORY TOPICS

At the end of many sections, problems or lab sheets are proposed, almost
always with data to be freely chosen, followed by explanatory solutions.
Both the problems and the sheets are designed to be meaningful in re-

lation to the topic addressed.

The following conceptual framework was used in solving the problems.
1) Graphical representation of the physical system.

2) Known and unknown quantities.

(
(2)
(3) Setting up the equations.
(4) Solving the equations.

The details are shown in the following table.

(1) Represent the physical system
described in the problem with a
graphical diagram, simple but com-
plete.

In the graphical diagram, indicate
the letters chosen for all the quan-
tities involved in the problem, not
the numerical values.

(2) List the quantities involved in
the problem in a table, the same
as those in the diagram in point
(1), plus possibly others.

Use the same letters shown in the di-
agram, specifying known numerical
values (preferably in SI units) and
indicating unknowns with a question
mark.

(3) Begin the solution by writing the
appropriate physical laws (or prop-
erties or definitions) that include the
chosen quantities (known and un-
known), the same as those in the
table in point (2), plus possibly
others.

The written relations will become
equations to be solved; the physical
problem must be translated into a
mathematical one.

(4) Solve the equations and present
the solutions at the end with the cor-
rect units of measurement (these can
be omitted in intermediate steps).

The equations should preferably be
solved in symbolic form, with nu-
merical substitutions performed as
little as possible, ideally only at the
end.

The described procedure is, of course, flexible; for example, during
steps (3) and (4), it may be useful to go back to steps (1) or (2) to
add/delete/modify data or graphical representations.
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PROBLEMS

2.3.1

U:ll

A particle in equilibrium is subjected to F'A

forces F' , F 4, and Fg. Choose arbitrary Qv B
magnitudes for the forces and calculate the

angles a and 3 that Fj4 and Fp respectively

form with the line of action of F. F

Solution

F=6N
Fp=4N
Fg=5N
o =7

B8 =7

X We apply the equilibrium condition
for a particle

(Law 2.10)
F+Fs+Fg=0

This is a vector equation that, using the Cartesian representation of the
vectors in the reference system shown in the figure, can be rewritten as
two scalar equations corresponding to the x and y components of the
vectors:

x components:  F, + Fa, + Fp, =0

y components:  F, + Fa, + Fpy, =0

That is:
x comp.: 00— Fyusina+ Fgsin=0
y comp.:. —F 4+ Fgcosa+ Fgcosf=0

The last two equations form a system of two equations in the two
unknowns « and (3, which can be solved using suitable substitutions.
Let’s first isolate terms that do not contain 3:

Fpsinff = Fasina (%)

Fgcosp=F — Fycosa

Now square both sides of the two equations:
F]% sin? B = FZ& sin? o






2.4. MOMENT (TORQUE) OF A FORCE 31
2.4 Moment (torque) of a Force

Definition 2.7 (moment (torque) of a force) Given a force F ap-
plied at point P and a point O, called the “pole”, the “moment (or
torque) of F with respect to O” is defined as the vector physical quantity
M=0PxF

o o If OH s the distcince from O to the

F line of action of F', called the lever
\ arm of the force, then the magni-
@ Q tude of the moment can be written
gt o as:

— M:7P'F i :7H'F
- M=—0PxF 0 sinar =0

If O? and F lie in the plane of the page, then the torque M will be
perpendicular to the page, pointing either inward or outward depending

on the case; in the example shown in the figure, M =O0PxF points
outward (see the “right-hand rule” in the vector product (Def. [5.26)).

PROBLEMS

241

Given a force F = A_B, consider a point C such that segment C' A forms
an angle a with AB. Choose arbitrary values for F', C'A, and «. Deter-
mine the moment M of F' with respect to point C.

Solution

Version 1

F BF=5N
CA=2m
o = 140°

—

=l :7
A — M =1

According to the right-hand rule (Definition , the moment M =
CA x F is an outward vector @. Moreover, since the angle between CA
and F is B = 180° — a = 40°, the magnitude is M = CA- F -sin3 =
2-5-sin40° = 6.43 N-m






2.7. FLUID EQUILIBRIUM 49

Physical law‘ 2.12 (Pascal’s law) A pressure variation produced at

one point inside a fluid in equilibrium is transmitted unchanged to all
other points of the fluid.

AS,

/'

AS;

Physical law‘ 2.13 (Stevin’s law) The pressures at two points A and
B inside a fluid in equilibrium, subject to the force of gravity, are such
that pp = pa + pg(ya — yp), where p is the fluid density, g is the grav-

itational acceleration, and ya,yp are the coordinates of points A and B
in a vertically upward-oriented reference frame.

Y
" Fluido iEéquinbrio\
Yya -——?‘"'—/——-.A /
,'/“ z/
YB ——“L ————————— B N
N //
) -
pB =pA+ pg(ya —ys)

IPhysical law‘ 2.14 (Archimedes’ principle) A body immersed in a

fluid experiences an upward buoyant force equal in magnitude to the
weight of the displaced fluid.

§=> Fi=-F
SE <« / :
| G | | G |
f;’? / [ /
\‘f-._ - \\__ —’_,//
Pf:mf-g' Pf:’mf-ﬁ
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7— (20 _ fim 20
CTNAL) e A0 At

y/\

a=

a is parallel to AU

@)
=W

Definition 3.16 (components of acceleration) The instantaneous
acceleration @ of an object in a Cartesian plane can be decomposed into
a component d; tangent to the trajectory, called the “tangential com-

ponent”, and a component perpendicular to the tangent d., called the
7centripetal component”.

Y

N

O x

Property | 3.10 (osculating circle) A small portion of a non-linear

trajectory around a point P can be approximated by a unique circle, called
the 7osculating circle”, whose radius at P is perpendicular to the tangent
to the trajectory at P; in other words, the osculating circle passes through
three points very close to P.
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— —

Ua Up my =2 kg,
—_—> < va = 0.6 m/s (along z-axis)

A mp = 3 kg, vyp =0 m/s

> vp =? (along z-axis)
Va 7 A L]y, =7 (along x-axis)
< B =
A IEI Referring to the diagram, we use

> the standard formulas for a head-on
L elastic collision:

(ma —mp)va +2mpup (mp —ma)vp + 2mava

Va= ; Vp =
ma +mp ma +mp
Here, velocities represent the z-axis components. Since Vg = 0, we have:
(mp —ma)vg +2mavs = 0= vg = M =—-24m/s
(2-8)-06+2-3 (24 "
Vg = 713 =—-3m/s
4.4.9
On a smooth horizontal plane, an object of mass m4 = ... moving
with velocity vqa = ... elastically collides with a stationary object of
mass mp = ... (with mp # my4). After the collision, the velocities V4
and Vp form angles o and 8 = ... respectively with the direction of ¥4.
Calculate o, V4, and Vg.
Solution
yf}\ ma=4kg, vqg =10 m/s
I ‘?B mp = 3 kg, B =20°
| / a=? Vi=? Vg=?
- | -
ma VA mip -7 This is an elastic collision between
- o ! :\_()[_ TTTTTE two point-like particles, one of which
[ . is initially at rest. We use the
: Va standard results from the equations:
(14.14)

Let r = mp/my = 3/4 = 0.75. First, we compute Vp:

Vg = 2%4 cos B = 5220 cos 20° = 10.739 m/s

Using Vp and S, we find Vy:
Va = /vy —rV3 =102 — 0.75 - 10.739%2 = 3.675 m/s

Finally, from V4, Vg, and 3, we compute a:

cosa= PATTVBCOSE (6616 o — cos—1(0.6616) — 48.58°

Va
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4.4.10

On a smooth horizontal plane, an object of mass m4 = ... moving
with velocity v4 = ... collides elastically with a stationary object of
mass mp = ... (different from my). After the collision, the velocities
of the two objects, V4 and Vg, form angles a = ... and f respectively
with the direction of 4.

Calculate B, Va, and Vg.

Provide a graphical representation of the collision, assuming the ob-
jects are spherical and have equal radius R = ..., and determine the
impact parameter that produces the calculated values of the angles «
and S.

Solution
A ma =4keg, wva=10m/s
f’: mp =3 kg, a=37°

, ;VB/ B=7 Vi=? Vp=?
|
I

ma Ta  ml /’/,{5’ This is an elastic collision between

—— > g ———————— > two objects, considered point-like
: \\(f T for now, one of which is initially at
> rest.
| Va

We can therefore use the known re-
sults provided by equations (4.15])
Let r = mp/m4 = 3/4 = 0.75. First, we compute Vy:

cosa+ /r2 —sina 10 cos 37° + \/0.752 — sin? 37°

r+1 1.75

Va=wva
Using both the + and — signs, we obtain:

Vi =711212m/s,  V, =2.006 m/s

From Vf and «, we compute:

—— (Vi)? N V4 =8.1067 m/s
B Vg =11.3123 m/s

Finally, using Vj, Vét, and «, we find:
+ o
5% = cos~! <v,4 - VAicosa> N BT = 44.819
rVg B~ = 8.1809°

Assuming spherical objects with radius R = 1 m, and referring to
the schematic diagram, the impact parameter is given by:
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b=2Rsin

This is because the velocity Vg of mass mp, initially at rest, after the
collision will be parallel to the “collision normal” (Def. 4.24).

Ny Collision normal

/ Pl o / z

Impact parameter

Va
As we have seen, for a given value of «, there are two distinct and
acceptable values of §, corresponding to:

bT = 2Rsin T = 1.4097 m

b~ =2Rsin 5~ = 0.2846 m

A schematic representation of the two cases, obtained through numerical
simulation, is shown in the following figure.

10 T T T 10 T T
Duoc =40 kg*m/s i Protx=20 kg*mis
Proty=0 kg*m/s i=64 t=0.630 s Procy=0 kg*m/s i=76t=0.750s
Kepe=200 ) H Kyoe=200 |
5 i 1 5 E
A
H pm
LB
=" ___,--;'; 8-
0 - . S 0 . bi‘\g\ . s i
bt N
\ \\
NN S
5 5
Pr,=21.7946 kgrm/s © P=18.2054 kg*m/s Py, =6.39461 kg*m/s P2=33.6054 kg*m/s
D1,=-17.1099 kg*m/s | py,=17.1099 kg*m/s py,=-4.78149 kg*m/s P2, =4.78149 kg*m/s
K,=95.9692 | . K,;=104.031) K,=7.96921 K,=192.031)
10 s i . 10 s i
-10 5 0 5 10 -10 5 0 5 10




