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Apocryphal quotes attributed to Albert Einstein often lead physics educators to constantly verify
sources and correct misconceptions about what Einstein said. This circumstance has inspired a
similar reflection on the content taught in introductory basic physics courses. Indeed, how often
are physics topics taught merely through the presentation of “formulas,” without examining or
discussing their limitations, the underlying idealizations, or the reasons for their use? Focusing on
teaching the concept of force, this work presents a didactic review of broader contexts that lead to
some well-known equations in physics formula sheets. In other words, starting from more general
contexts, it will be shown that certain expressions are valid only in particular cases. The goal is to
draw attention to the possibility that such particular cases are being taught as if they were the only
possible description of the complexity of physical reality, rather than as physical models with their
respective limitations.
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I. INTRODUCTION

Among the many quotes attributed to Albert Einstein,
one that is widely circulated in various contexts is:

Everything should be as simple as possible, but
not simpler.

According to Alice Calaprice [1], this quote is one whose
attribution to Einstein is subtly debatable, and it appears
to be an edited or simplified version of part of a lecture
Einstein gave in 1933:

It can scarcely be denied that the supreme goal
of all theory is to make the irreducible ba-
sic elements as simple and as few as possible
without having to surrender the adequate rep-
resentation of a single datum of experience.

Although longer, this version is more detailed and less
susceptible to misinterpretation because it is properly
contextualized, and the authorship and reference are re-
liable and verifiable. The first quote is simpler, but its
meaning and interpretation become more complete and
less ambiguous when the original source is known.

How many “formulas” have been taught, memorized,
and quoted for so long that their origin, limitations, or
the reason for using them are no longer subjects of curios-
ity or scrutiny? For example, the famous F = ma, the
kinematic equations, the acceleration of circular motion
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ac = −v2/r, and the definitions of work W = Fd cos θ
and torque τ = Fr sin θ all seem to follow the idea that
everything should be as simple as possible.
In general, physics is taught according to the presumed

level of mastery of mathematical language at each stage
of education. Without differential, integral, and vector
calculus; without linear algebra; without ordinary and
partial differential equations, teaching can become lim-
ited to the simplest expressions, which describe only par-
ticular cases of more general contexts.
However, simplifying things does not necessarily mean

making them easier or oversimplified. Note that the
phrase “to make the irreducible basic elements as sim-
ple and as few as possible” is accompanied by “without
having to forgo the adequate representation of a single
piece of experiential data”. This is why Newton’s laws
and Maxwell’s equations are so important—not because
they simplify the description of physical phenomena or
our understanding of the world, but because, starting
from a few equations, by interpreting what is encoded
in the mathematical language, we can apply and adapt
them to the study of various systems.
Suppose we forget that physics is taught through math-

ematical models (which have limitations). In that case,
we may end up, for example, confusing or limiting the
concept of force to a formula used merely to substitute
numbers or to the ‘arrows’ representing pushes or pulls on
blocks. In other words, expressions for particular cases
can become the only known description of physical sys-
tems, since it is often not mentioned that physics also
applies to more complicated or realistic cases.
In general, physics undergraduate program graduates

have likely encountered mechanics courses—classical, an-
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II NEWTON’S SECOND LAW

alytical, statistical, and quantum—from which they can
establish basic physics within a broader context, math-
ematically and in applications. However, many physics
instructors may come from other academic backgrounds.
Therefore, as a teaching aid for physics education, this
work proposes a concise and didactic review addressing
some classical mechanics concepts and their relations to
what is taught about mechanics at the basic level.

In this context, we will consider the equations F = ma,
v(t) = v0 + at, v = rω, ac = −v2/r, W = Fd cos θ, and
τ = Fr sin θ as our statement “Everything should be as
simple as possible, but not simpler”, and we will look for
the ‘more general statements’ from which simplified ver-
sions were derived. We will show how a broader view of
these expressions enables a better understanding of their
limitations and the possibilities for more general cases.
At the same time, fundamental concepts related to vec-
tors and calculus are addressed in a more interpretative
and accessible manner. This text was developed based
on the author’s pedagogical approach to these topics in
the classroom. For this reason, this work is not charac-
terized as the result of research on teaching, but rather as
a reflection of the practice of teaching physics. It always
seeks a balance between presenting concepts simply and
maintaining the rigor of mathematical language.

Therefore, Section II will address Newton’s second law,
F = ma; Section III will discuss the traditional definition
of kinematics; Section IV will examine what is implicit
in the equations describing curvilinear motion in two di-
mensions; Section V will present topics typically covered
in textbooks following Newton’s laws, placing impulse,
work, and torque within a broader context: the differ-
ent ways of multiplying vectors and their associated con-
cepts. Finally, Section VI will be dedicated to the dis-
cussion and conclusion.

II. NEWTON’S SECOND LAW

The concept of force is one of the pillars of physics [2].
Although it has a long history, even before Newton [3],
force is commonly associated solely with the expression

∑
F = ma, (1)

or with arrows pushing or pulling blocks in physics exer-
cises. Mathematically, Eq. (1) describes particular cases
in which translational motion is restricted to a single di-
rection. With only one spatial coordinate, vector nota-
tion is avoided. Force and acceleration are vector quan-
tities; therefore, for motion in two or three dimensions,
we write:

∑
F⃗ = ma⃗. (2)

Recall that acceleration represents how the velocity
vector changes over time, that is, a⃗ = dv⃗

dt . A vector has

both magnitude and direction, and these two properties
can vary with time[? ]. If neither the magnitude nor the
direction of the velocity vector v⃗ changes over time, then
the derivative dv⃗

dt = 0⃗. The ‘zero vector’ notation reminds
us that when there is a vector on one side of the equation,
there must be a vector on the other side. The expression
cannot be considered an equation if this does not occur.
Moreover, 0⃗ indicates that all vector components must
be zero.
That said, we can interpret the equation

∑
F⃗ = 0⃗ = ma⃗. (3)

For ma⃗ = 0⃗ to hold, either the mass is zero (m = 0)

or the acceleration is zero (⃗a = 0⃗). It makes no phys-
ical sense for the mass to be zero, since it is through
mass that interaction occurs, and it represents inertial
mass (no mass, no inertia). Therefore, the only possibil-
ity is that the acceleration is zero. For this to happen,
the velocity vector must be constant in magnitude and
direction. A constant direction means a straight trajec-
tory, and a constant magnitude means uniform motion.
In other words, an object tends to remain in uniform
straight-line motion unless a nonzero resultant force acts
on it, changing its velocity vector.
It is important to remember that acceleration and ve-

locity are vectors, as these terms are often interpreted
according to common sense. For example, in the case of
vehicles, accelerating means increasing the magnitude of
velocity (as shown by the speedometer). Turning while
maintaining a constant speed or braking is typically not
perceived as acceleration in common understanding. In
physics, if the velocity vector changes direction over time,
the motion is characterized as accelerated. Curvilinear
trajectories are a consequence of accelerated motion.
Another particularity of Eq. (2) is its validity only

when the mass m is constant. In its most general form,
Newton’s second law is described as the time variation of
linear momentum p⃗ = mv⃗,

∑
F⃗ =

dp⃗

dt
=

d

dt
(mv⃗). (4)

Using the product rule for derivatives, we have

∑
F⃗ =

d

dt
(mv⃗) = m

dv⃗

dt
+ v⃗

dm

dt
, (5)

where it can be seen that, in addition to the variation in
velocity, we must consider the influence of the mass vari-
ation over time, as illustrated in Fig.(1). If the mass m is
constant in time, then dm

dt = 0 and Eq. (2) is recovered.
The other particular case would be if the velocity vector
is constant but the mass varies with time. This is not
trivial, since we would have uniform straight-line motion
(v⃗ constant) in which the force always adds or removes
mass from the system to maintain the same velocity.
Treating the mass as constant makes sense, especially

when we are already considering that the entire mass of
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III KINEMATICS

Figure 1. When ‘F=ma’ isn’t enough: carrying a leaking
sack means dealing with variable mass. On the left, the case
with constant mass — F⃗ = ma⃗. On the right, variable mass

system, F⃗ = ma⃗+ v⃗
dm

dt
, where the second term accounts for

the momentum variation due to mass leakage.

the object is concentrated at a single point in space, that
is, using the particle approximation. A point has zero
dimension, meaning it has no width, height, or depth.
Thus, in terms of the degrees of freedom of an object, the
forces acting on a particle can only cause translational
motion. Discussing deformations and rotations caused
by forces only makes sense if we consider that the object
has an extension in space, which a point does not have.
This approximation of treating an object as a particle
is important because it is always possible to calculate
the center of mass of an object and thereby simplify the
study of translational motion[? ], by considering that
all forces act directly at the center of mass. However,
forces can also cause rotation. In this case, the object’s
shape, how its mass is distributed in volume, the location
where the force is applied, and the axis of rotation cannot
be disregarded. To differentiate between translational
and rotational motions and their respective velocities and
accelerations, we use the adjective linear for translational
motions (linear velocity v⃗, linear acceleration a⃗); and the
adjective angular for rotational motions (angular velocity
ω⃗, angular acceleration α⃗).
Here we are referring only to solid objects; when an-

alyzing fluids, which do not have a defined shape, it is
preferable to use the volumetric mass density ρ = m

V in-
stead of the total mass. Another characteristic is that the
fluid velocity can vary not only with time but also with
space. In this case, acceleration is commonly described
using the material derivative symbol D/Dt, that is,

a⃗(r⃗, t) =
D

Dt
v⃗(r⃗, t) =

∂v⃗

∂t
+ (v⃗ · ∇)v⃗. (6)

Where ∂v⃗
∂t represents the variation of the velocity vector

field concerning time, and (v⃗ · ∇)v⃗ represents the vari-
ation of the velocity vector field concerning the spatial
coordinates.

III. KINEMATICS

In general, kinematics is described as the branch of
physics that describes the motion of bodies without con-
cerning itself with the causes of the motion [4]. However,
this definition may seem contradictory, as kinematics of-
ten deals only with cases where the cause of motion is a
constant force.
Suppose a one-dimensional case in which a single con-

stant force Fc acts on a particle of mass m. Newton’s
second law for this case is

Fc = ma = m
dv

dt
. (7)

Since Eq. (7) involves an equals sign and derivatives, we
call it a differential equation. The derivative is called
ordinary because the velocity function depends only on
time. Therefore, we have an ordinary differential equa-
tion. We can rewrite Eq. (7) as follows:

dv =

(
Fc

m

)
dt. (8)

Read ”dv” as a small variation[? ] in velocity, which
is directly proportional to a small variation in time dt.
That is, the longer the time interval considered, the
greater the change in velocity. In addition, dv is propor-
tional to the force Fc (the greater the force, the greater
the change in velocity), and inversely proportional to the
mass[? ] m (the greater the mass, the smaller the change
in velocity, and vice versa).
Suppose we sum all the infinitesimal variations dv from

an initial velocity at time t = 0, v0, to some velocity at
time t. In that case, we obtain the total variation in
velocity v(t) over that time interval. This is equivalent
to summing all the dt variations multiplied by the term
Fc/m. When summing discrete variables, we use the
symbol

∑
; when summing continuous variables, we use a

different symbol:
∫
. Although integrals may trigger trau-

matic memories from undergraduate studies, they merely
symbolize the sum of continuous quantities. What has
just been described is represented by

∫ v(t)

v0

dv =

∫ t

0

(
Fc

m

)
dt. (9)

Since the mass m and the force Fc are constants, the

value of Fc/m is also constant. Because
∫ t

0
dt sums only

contributions of terms that depend on time, the factor
Fc/m can be taken outside the integral:

∫ v(t)

v0

dv =

(
Fc

m

)∫ t

0

dt. (10)

Solving these integrals yields

v(t) = v0 +

(
Fc

m

)
t. (11)
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IV NEWTON’S SECOND LAW FOR CURVILINEAR MOTION

Note that on the left-hand side we have velocity
(length/time), so on the right-hand side, each term, v0
and (Fc/m)t, must also have the dimensions of velocity.
Since t is time, Fc/m must necessarily have physical di-
mensions of length divided by time squared, also known
as acceleration. Therefore, we can define

Fc

m
= ac. (12)

Using the above definition in Eq. (11), we obtain one of
the standard equations of kinematics:

v(t) = v0 + act. (13)

From this, we can obtain the function that describes
the position x at any time t. It is enough to consider
the definition of velocity as the rate of change of position
with respect to time, that is,

v(t) =
dx

dt
= v0 + act. (14)

Rewriting this in terms of infinitesimal variations,

dx = (v0 + act)dt, (15)

we observe that an infinitesimal variation in position dx
is proportional to a small variation in time dt. Moreover,
dx also depends on the instantaneous velocity at each
time t, which is proportional to the term v0 + act. The
sum of all such variations on both sides of Eq. (15) is
represented by the integrals

∫ x(t)

x0

dx =

∫ t

0

(v0 + act)dt, (16)

whose final result is the well-known position equation:

x(t) = x0 + v0t+
1

2
act

2. (17)

The position at any time t is the sum of the initial po-
sition x0 with the distance traveled due to the initial
velocity (v0t) and due to the change in velocity over time
( 12act

2).
The results of Eqs. (11) and (17) are valid for any

constant force. For example, suppose the reference axis
is vertical and the acting force is the weight force; in that
case, we have Fc = −mg. Substituting this into Eq. (12),

−mg

m
= ac = −g. (18)

In this way, we recover the equations of free fall: v(t) =
v0 − gt and y(t) = y0 + v0t− (1/2)gt2.
The force may depend on time, for example, F (t) =

F0t (a force that increases linearly with time), or a force
that decreases exponentially, F (t) = F0e

−bt. In such
cases, the integral on the right-hand side of Eq. (9) would
be different, and we would obtain different expressions
for the velocity and position as functions of time. We

also encounter cases where multiple forces act simultane-
ously, such as in free fall with air resistance. The more
interactions we consider, the more complex the resulting
differential equations become. However, the versatility of
Newton’s second law lies in the fact that, if we know the
forces acting on an object and we know how to solve dif-
ferential equations, we can determine the functions that
describe the behavior of velocity and position.

Therefore, a more appropriate definition is that kine-
matics is the branch of physics that does not deal with
motion caused by time-dependent forces and that is lim-
ited to Cartesian coordinates.

IV. NEWTON’S SECOND LAW FOR
CURVILINEAR MOTION

In Cartesian coordinates, the unit and orthogonal vec-

tors (unit vectors î, ĵ, and k̂) that form the vector basis
are fixed. In polar coordinates, which are used to describe
curvilinear motion, the positions x and y are expressed
in terms of the radius r and the angle θ. However, the
vector basis is no longer fixed but follows the particle
along its trajectory. As illustrated in Fig.2 This facili-
tates the description of curvilinear motion[? ], but one

consequence is that the unit vectors (r̂ and θ̂) also vary
with time. The derivatives of the position and velocity
vectors become more complex compared to the Cartesian
case. Thus, we can express the linear velocity and linear
acceleration vectors regarding angular velocity and accel-
eration. In general, the description of a physical problem
can be simplified by an appropriate choice of coordinate
system.

x

y

î

ĵ

r⃗

r̂θ̂

θ

Figure 2. Representation of the polar coordinate system su-
perimposed on the Cartesian system. The unit vectors î and
ĵ (in red) represent the fixed Cartesian basis. The position
vector r⃗ points from the origin to the particle (red dot). The

unit vectors r̂ and θ̂ (in blue) form the moving basis associated
with the polar system, where r̂ points in the radial direction
and θ̂ is tangent to the trajectory, forming an angle θ with
the x-axis.
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V IMPULSE, WORK, AND TORQUE

The velocity in polar coordinates is given by [5]:

v⃗(t) =

(
dr

dt

)
r̂ + r

(
dθ

dt

)
θ̂. (19)

Here, dr/dt describes how the radius of the trajectory
changes with time. The angle variation with respect to
time is defined as the angular velocity, dθ/dt = ω.

The velocity has both a radial and a tangential com-
ponent. To better understand this, let us consider two
particular cases. First, suppose that the angle θ does not
vary with time, i.e., the angle is constant and the object
does not rotate. In this case, the only possible motion
is in the radial direction, meaning the radius r of the
trajectory changes (the object either moves closer to or
farther from the center). Second, suppose that the radius
is constant. In this case, we have circular motion since
the angle θ variation always occurs tangentially to the
radius.

With this understanding, we can rewrite v⃗(t) as fol-
lows:

v⃗(t) =

(
dr

dt

)
r̂ + (rω)θ̂. (20)

From this, acceleration (always defined as a⃗(t) = dv⃗/dt)
can be calculated. The final result [5] may not appear
very friendly:

a⃗(t) =

[
d2r

dt2
− rω2

]
r̂ +

[
rα+ 2

(
dr

dt

)
ω

]
θ̂, (21)

where α = dω/dt is the angular acceleration, that is, the
rate of change of angular velocity with respect to time.

Again, we have radial and tangential components of ac-
celeration: two terms in the radial direction and two in
the tangential direction. The negative sign in the radial
component indicates that the acceleration points toward
the center. This general expression describes the acceler-
ation for any curvilinear motion in which both the radius
and the angle vary with time.

Things become simpler when we consider particular
cases. The most common assumption is that the radius
r is constant, i.e., the motion is circular. Mathematically,
this implies that dr/dt = 0. With this, Eqs. (20) and (21)
become:

v⃗(t) = 0r̂ + (rω)θ̂, (22)

and

a⃗(t) =
(
−rω2

)
r̂ + (rα) θ̂. (23)

Another particular case we can consider is when the
angular velocity ω is constant. This means the particle
always takes the same time to complete a full revolution.
In this way, we arrive at the equations of uniform circular
motion (since r is constant) (and ω is constant, thus α =
0):

v⃗(t) = (rω)θ̂, (24)

and

a⃗(t) =
(
−rω2

)
r̂. (25)

With only one component in both velocity and accel-
eration, we can always avoid vector notation by consid-
ering only the magnitudes of these vectors. This yields
the well-known relations:

v = rω, (26)

and

a = −rω2 = −r
(v
r

)2

= −v2

r
. (27)

Finally, Newton’s second law for a curvilinear motion
with constant radius and constant angular velocity is

F⃗ =
mv2

r
(−r̂). (28)

In this context, as trivial as it may seem, it is impor-
tant to remember that every curvilinear motion is accel-
erated—that is, there is variation in the velocity vector.
In this case, the force responsible for the acceleration
prevents the object from following uniform linear mo-
tion; in other words, it prevents the velocity vector v⃗
from remaining constant. This tendency of the force to
sustain the curvilinear (or, in this particular case, circu-
lar) motion—constantly causing the particle to change
direction—is represented by the negative sign in the unit
vector r̂.

V. IMPULSE, WORK, AND TORQUE

Let us begin with a few simple questions regarding the
action of forces on an object or system: How long does
the force act, and how does it influence the time variation
of linear momentum? What is the relationship between
the displacement vector of the object and the direction of
the applied force? When should we be concerned about
the location on the object where the force is applied, and
what kinds of motion can this cause? These questions
are addressed by the topics usually introduced after the
applications of Newton’s second law—namely, impulse
and collisions; work and energy; torque and rotations.
Summarizing or recalling these ideas is possible be-

cause force is mathematically described as a vector. The
starting point is to remember that a vector can be mul-
tiplied in three different ways:

• A vector multiplied by a scalar, aA⃗, where a is any
scalar. The vector retains its direction and only un-
dergoes a scaling transformation (change in magni-
tude).

• A vector multiplied by another vector, resulting in

a scalar: A⃗·B⃗ = scalar, which is naturally called the
dot product. It can be interpreted as the projection
of one vector onto another.
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V IMPULSE, WORK, AND TORQUE

• A vector multiplied by another vector, resulting in

a third vector: A⃗ × B⃗ = C⃗, where C⃗ is a vector

perpendicular to the plane formed by vectors A⃗ and

B⃗ and indicates that a rotation in this plane would

go from A⃗ to B⃗. In brief, this is the definition of
the cross product that I use in class.

Since force is a vector quantity, it can also be multiplied
in three different ways:

• Force multiplied by a scalar—in this case, time t.
This gives us a quantity that accounts for how long
the force acted. It answers the question: Does it
matter how long the force acts on the object? This

leads to the definition of impulse I⃗:

I⃗ =

∫ tf

ti

F⃗ dt =

∫ v⃗f

v⃗i

d(mv⃗). (29)

• Force multiplied by a displacement vector using the
dot product. This gives us a quantity that considers
the distance over which the force acted and how
it contributed to that displacement. This is the
definition of work W :

W =

∫ r⃗f

r⃗i

F⃗ · dr⃗ . (30)

• Force multiplied by a displacement vector using the
cross product. This gives us the plane and the di-

rection of a rotation caused by the force F⃗ , where
the displacement vector r⃗ starts at a reference point
(typically the location of the axis of rotation) and

ends at the point where the force F⃗ is applied. Sup-

pose we consider a distribution of force dF⃗ instead
of discrete forces. In that case, we obtain the defi-
nition of torque (or the moment of a force distribu-
tion, where ”moment” is interpreted as an average
over the distribution):

τ⃗ =

∫
r⃗ × dF⃗ . (31)

A summary of the above is presented in Fig. 3.
From Eq. (29), we derive the content related to colli-

sions and the conservation of linear momentum. From
Eq. (30), we obtain the concepts of energy (kinetic and
potential), as well as the important principle of energy
conservation. Finally, from Eq. (31), we can develop the
theory of rigid body rotation[? ].

Eqs. (29) and (30) can be simplified if we consider the
particular case of constant forces. However, it is impor-
tant to note that the adjective constant depends on the
integration variable. The force is considered constant in
the definition of impulse, Eq. (29), if it does not depend
on time. In contrast, in the definition of work, Eq. (30),
the force is constant if it does not depend on any spa-
tial variable. Not coincidentally, according to Noether’s

Force F⃗

Multiplied
by a scalar (time)

Dot product
with displacement vector

Cross product
with position vector

Impulse
I⃗ =

∫
F⃗ dt

Work
W =

∫
F⃗ · dr⃗

Torque
τ⃗ =

∫
r⃗ × dF⃗

Figure 3. Diagram illustrating how different mathematical
operations applied to the Force vector result in fundamental
physical concepts studied in introductory Physics courses.

theorem [6], the conservation of linear momentum arises
from invariance under spatial translations, while energy
conservation is characterized by invariance under time
translations.
Thus, taking into account this subtlety in the defini-

tion of what it means for a force to be constant in each
context, the force can be taken outside the respective
integrals:

I⃗ = F⃗

∫ tf

ti

dt = F⃗ (tf − ti) = F⃗∆t, (32)

and

W = F⃗ ·
∫ r⃗f

r⃗i

dr⃗ = F⃗ ·∆r⃗ . (33)

Note that the dot product is still present, since the inte-
gral of dr⃗ remains a vector, as we have defined through

∆r⃗ = r⃗f − r⃗i (the total displacement d⃗). The next sim-
plification would be to avoid this vector notation for the
dot product. The concept behind the dot product is the
“shadow” or projection that one vector casts onto the
other. If the two vectors are parallel (i.e., the angle be-
tween them is 0 degrees), the projection is maximal; if
the vectors are perpendicular (angle of 90 degrees), there
is no projection.
Now, what familiar function reaches a maximum[? ]

at θ = 0 and becomes zero when θ = π/2? The answer
is that work can be represented as:

W = Fd cos θ. (34)

Eq. (31) can be simplified if we consider that the forces
are discrete and constant in time, rather than distributed
over a region. In this case, we replace the integral symbol
with the summation symbol Σ, that is,

τ⃗ =
N∑

i=1

r⃗i × F⃗i. (35)

If only one force is acting, the summation will have only
one term. The resulting torque is a vector perpendic-
ular to the plane of rotation of the object, and it also
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VI DISCUSSION AND CONCLUSION

indicates the direction of rotation within that plane. In
general, torque is a vector with three components, each
perpendicular to one of the three coordinate planes (xy,
yz, and zx). However, vector notation can be avoided
if rotation is restricted to a single plane. If the plane is
the xy-plane, rotation will either occur from x to y or
from y to x, and in both cases the torque will have only
a z-component (which is perpendicular to the xy-plane).
It can therefore be positive or negative, indicating the
direction of the rotation.

Nevertheless, this simplification comes at the cost of
disregarding the whole mathematical meaning of the
cross product and its connection to the definition of ro-
tational planes. If the rotation is restricted to a single
plane, torque can also be defined using the angle between

r⃗ and F⃗ . Recall that these two vectors must define a
plane. If they are parallel (θ = 0), they do not define a
plane (or define one whose parallelogram area is zero).
The area of the plane is maximized when the vectors are
perpendicular (θ = π/2), in which case the area is rF .

Which function do we know that is zero at θ = 0 and
maximal at θ = π/2? By answering this question, we
obtain the definition:

τ = Fr sin θ, (36)

in which r is called the lever arm.
Therefore, a rarely mentioned disadvantage is that the

particular case represented by Eq. (36) omits the fact
that torque is a vector[? ], thus making it harder to un-
derstand what torque actually is—being colloquially con-
fused with force itself, rather than seen as the description
of rotational motion caused by a force.

These concepts of scalar and vector products are nec-
essary to understand mathematically, for instance, why

it becomes explicit that the magnetic force[? ], F⃗mag =

q(v⃗ × B⃗), does not perform work. From the cross prod-
uct definition, it is easy to infer that the magnetic force is
perpendicular to the plane formed by the velocity vector
and the magnetic field. The work done by the magnetic
force is given by

W =

∫ r⃗f

r⃗i

F⃗mag · dr⃗ =

∫ r⃗f

r⃗i

q(v⃗ × B⃗) · dr⃗. (37)

Recalling that the displacement dr⃗ and the velocity v⃗
of the electric charge are related by v⃗ = dr⃗/dt, we can
rewrite the above equation as:

W =

∫ r⃗f

r⃗i

q(v⃗ × B⃗) · v⃗ dt. (38)

Therefore, knowing that the result of v⃗ × B⃗ is perpen-
dicular to the velocity vector v⃗ and that the scalar prod-
uct quantifies the projection of one vector onto another,
we conclude that, due to this perpendicularity, the work
done by the magnetic force is zero. The magnetic force is
always at a right angle (π/2) to the displacement vector.

VI. DISCUSSION AND CONCLUSION

If one had to simplify the definition of force into a
single word that still encompassed the full breadth of the
concept, that word would be interaction. Moreover, the
concept of force has been the protagonist of this work,
and it is a vector quantity.

Even when the topic was kinematics, we saw that the
equations studied in kinematics are examples of motion
resulting from forces that are constant in time. If the
interaction involved were not constant, the equations of
motion would have to be modified accordingly. When all
forces acting on an object are constant in time, it suffices

to sum them vectorially,
∑

F⃗ . This net force is directly
proportional to the object’s mass m and can produce
changes in the velocity vector that describes the object’s

motion, that is,
∑

F⃗ = ma⃗. As we have seen, Newton’s
second law uses this form to assume that mass m is con-
stant in time. In such a case, a constant acceleration
results from constant forces. From this acceleration, we
can derive the velocity function; from the velocity, we ob-
tain the position function as a function of time. All these
functions are consistent with the kinematic equations.

Implicitly, we relate the net force to the translational
motion of an object. However, forces can cause other
types of motion besides translation, such as rotation and
deformation. If these rotational and deformational effects
are negligible, we may treat the object as a particle and
assume that all forces act at its center of mass. In the
classroom, it is important to emphasize that forces can
induce other motions beyond translation and that objects
can simultaneously undergo multiple types of motion.

Of course, it is possible to approach curvilinear motion
by approximating the object as a particle. In this case,
vectors and vector bases become essential. The equation∑

F⃗ = ma⃗ is general because it can be adapted to dif-
ferent coordinate systems. The variables x, y, and z are
treated as independent in Cartesian coordinates. How-
ever, in the case of circular motion in the xy-plane, there
is a well-defined relationship between the values of x and
y. In such situations, polar coordinates are more conve-
nient. As we showed in Section IV, the final expressions
for the velocity and acceleration vectors in polar coordi-
nates are more complex than in the Cartesian case. We
derived the expressions commonly used in basic physics
education from particular cases with constant radius and
constant angular velocity.

Although it may be challenging to introduce different
types of coordinate systems at the introductory level, it
is possible to mention that other coordinate systems be-
yond Cartesian exist[? ]. It may be easier, for example,
to explain the acceleration in uniform circular motion,

a = −v2

r , by saying that it is an adaptation of Newton’s
second law to polar coordinates. In this context, it is im-
portant to highlight the limitations of such models in the
classroom. These equations only apply when the path is
circular and the angular velocity is constant. The “ex-
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ceptions” to these particular conditions are, in fact, more
common in everyday life.

Emphasizing that forces are vectors also provides a
more structured perspective or a mnemonic for recalling
key concepts in mechanics. Since force is a vector, it can
be combined in three distinct ways: with a scalar, with
another vector resulting in a scalar, and with another vec-
tor resulting in a vector. Time (a scalar quantity) and
displacement (a vector quantity) are the quantities com-
monly combined with force. In the first case, we obtain
the concept of impulse—force multiplied by the time it
acts. In the second, we have the definition of work—how
much the force contributes to motion in the direction of
the displacement. In the third, we have a way to describe

rotations caused by a force acting on an extended object
(i.e., not modeled as a point particle).
Presenting the overall structure of a topic can be help-

ful, as it provides learners with a roadmap of what will be
covered and how the concepts are interconnected. High-
lighting each concept’s limitations and specific assump-
tions is also essential, as it helps develop critical thinking
when applying and evaluating physical models.
Finally, we propose interpreting the term basic physics

in light of Einstein’s quotes mentioned in the introduc-
tion. As applied to physics, the adjective basic should
not imply that the subject must be simple, simplified,
or easy. Instead, we suggest interpreting basic as refer-
ring to that which provides a foundation, fundamental
principles upon which all the rest is built.
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