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Abstract

The results of renowned experimental works of Giovanni Poleni in 1718 and of Jakob W. ‘sGravesande in 1722
suggest that the ‘energy of motion’ or ‘kinetic energy’ of a material body which is moved in a vacuum in a
reference frame by a gravitational process is proportional to the 'mass’ of the body and to the velocity of the
body in the reference frame, and not to the mass and to the square of the velocity. Consequently, the amount of
mechanical energy which is expended by gravitation in moving a body in a vacuum over a vertical distance z is
not, as is currently believed, proportional to this distance, but it is proportional to the time-span of action of the
process. The product between the mass of the body and the square of the velocity of the body is not proportional
only to the amount of mechanical energy of motion of the body moved by the gravitational process, but it is
proportional also to the power with which such an amount of ‘kinetic energy’ is consumed by collision with a
plastic target at rest in the reference frame.
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1. Introduction

A long time ago, a heated debate arose among scholars on how the ‘energy of motion’ of a material body should
have been formulated (Caverni, 1898; Costabel, 1973; Engels, 1883; Grillenzoni, 1995; Iltis, 1971;
Reichenberger, 2012; Suter, 1904). This debate mainly ranged between the viewpoint of R. Descartes on the one
hand, and that of G. W. Leibniz on the other. These two standpoints divided the eminent scholars who studied
theoretical mechanics in the 17th and 18th centuries, until J. B. Le Rond D’Alembert (Le Rond D’Alembert,
1743) tried to solve what he considered a “useless verbal dispute”.

Although in today's physics Leibniz’s view is claimed to be the correct one, the prolonged debate did not lead to
any general and genuine agreement. There was no convincing answer to the question of whether the translational
‘energy of motion” of a material body of mass m and velocity v in a reference frame is proportional to the mass
of the body and to the velocity of the body in the reference frame, mv, (De Catelan, Descartes, Newton, Papin,
Jurin, Kant, and also D’Alembert) (Le-Rond D’Alembert, 1743; De Catelan, 1686; Kant, 1746), or whether it is
proportional to the mass of the body and to the square of the velocity of the body, mv?, (Leibniz, J. Bernoulli, D.
Bernoulli, ’s Gravesande, de Maupertuis, Du Chatelet, Joule) (Du Chatelet, 1740; Joule, 1850; Leibniz, 1686;
Leibniz, 1695; Poleni, 1718; ‘sGravesande, 1722).

The matter is evidently a complex one, and it was therefore with understandable concern that this paper has been
written. However, we hope that the following considerations about the physical meaning of the product mv?
contribute to the discussion, and also be of interest in improving the understanding of the physics of the
gravitational process.

2. The Concept of ‘Energy of Motion’ or ‘Kinetic Energy’

In this section, we propose a physical meaning for ‘energy of motion’ - or ‘kinetic energy’ - of a body moving in
a reference frame. Let’s imagine grabbing a billiard ball in one hand, and moving the arm to accelerate it before
sending it rolling free to the floor of the room. While we accelerate the billiard ball by moving the arm, we make
a definite amount of mechanical effort (which is, certainly, proportional to the ‘mass’ of the billiard ball, because
our effort must ‘win’ the continuous action of gravity).
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Assume that we accelerate the billiard ball moving our arm in air. If we move our arm in air, a part of the amount
of our mechanical effort is not used to accelerate the billiard ball, but it is used to overcome the air resistance.
Let us therefore assume that we move our arm in a vacuum, and that when we send the ball rolling free to the
floor there is no friction/resistance between the billiard ball and the floor. In this case, if we want to stop the
billiard ball we have to exert, in the opposite direction of the movement of the billiard ball, an amount of
mechanical effort exactly equivalent to the amount of effort we have exerted to put the billiard ball in such a
state of motion.

Instead, if we put the billiard ball in state of motion in the presence of friction — the friction of the arm moving in
air; the friction of the billiard ball rolling on the floor — to stop the billiard ball we have to exert an amount of
mechanical effort which is lower than the amount of mechanical effort we have exerted to put the ball in such a
state of motion.

We conclude that in the absence of processes which consume amounts of mechanical effort, to stop the
movement of the billiard ball we have to exert an amount of mechanical effort which is exactly equivalent to the
amount of effort we have exerted to put the billiard ball in that state of motion. In other words, we say that:

In the absence of processes which consume amounts of mechanical effort, the amount of mechanical effort
exerted/ expended’to put a body in a state of motion is ‘conserved’in the body in its own state of motion.

We call ‘energy of motion’ or ‘kinetic energy’ of a body in motion in a reference frame the amount of mechanical
effort we have to exert/’expend’ to stop the body in that reference frame. As mentioned above, in the absence of
processes which consume amounts of mechanical effort, such an amount of mechanical effort is exactly
equivalent to the amount of mechanical effort which has been exerted/expended to put the body in such a state of
motion in the reference frame.

We speak of ‘conservation’ of the mechanical effort or ‘conservation of the mechanical energy of motion’,
because, in the absence of processes which consume amounts of mechanical effort, the amount of effort
exerted/expended is ‘conserved’ in the body in its own state of motion.

3. The ‘Energy of Motion’ of a Body Moved by a Gravitational Process

We now apply this view to the case when the billiard ball is put in state of motion by a gravitational process.
When we let a billiard ball to ‘fall’ free due to the action of gravity, we can imagine that an invisible hand grabs
the billiard ball and accelerates it downwards, exactly as our hand accelerates the billiard ball before sending it
rolling free to the floor of the room. The only difference between these two cases is that, come to a certain point,
we let the billiard ball go free on the floor, whereas the invisible ‘hand’ of the gravitational process continues to
accelerate the ball until it touches the ground.

In the absence of processes which consume amounts of mechanical effort - i.e. if the gravitational process moves
the billiard ball in a vacuum, or for sufficiently brief falls in air - the ‘energy of motion’ of the billiard ball is, at
any instant, exactly equivalent to the amount of mechanical effort — we say also to the amount of ‘mechanical
energy’ - which has been exerted/expended by the gravitational process to put the billiard ball in its respective
instantaneous state of motion.

Therefore, in the absence of processes that consume amounts of mechanical effort, this amount of ‘mechanical
energy’ is ‘conserved’ in the billiard ball in its own state of motion. In other words, the gravitational process
‘expends’ mechanical effort — we say ‘expends’ ‘mechanical energy’ - producing an equivalent amount of
mechanical energy, which is represented by the amount of the ‘energy of motion’ of the billiard ball. What is the
formula/expression that calculates this amount of ‘energy of motion’ is the matter for the discussion that follows.

4. The Experiments of Giovanni Poleni and of Jakob W. ‘sGravesande

In 1718, Giovanni Poleni, a mathematician and engineer of the Venetian ‘Serenissima’ Republic, Italy (Poleni,
1718), and, in 1722, Jakob W. ‘sGravesande, a physicist at the University of Leiden (The Netherlands)
(‘sGravesande, 1722) measured the dents produced in plane surfaces of plastic materials by spherical bodies in
‘free fall’. The plastic material used by Poleni was tallow, whereas ‘sGravesande used plastic clay. Both Poleni
and ‘sGravesande did not vary the dimensions of their spherical bodies, but they changed the mass (i.e., the
weight) of the bodies, and the heights from which the bodies were dropped.

They obtained the following result: the volume of the dent — we call this volume here, the ‘deformation’ - was
proportional to the mass of the spherical body and to the height from which the body was dropped. Calling def
the deformation, m the mass, and z the height:

def oc mz (1)
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Since (Galilei, 1938)
Zo<V2,

in which v is the velocity of the spherical body at the moment when it collides with the plastic material, the
results of Poleni and of ‘sGravesande can be written also as:

def o mv2 2

Now, it may be reasonable to hypothesize, as Leibniz did (Leibniz, 1695), that the ‘effects’ of an amount E of
‘energy of motion’ are proportional to the amount of energy of motion, in the case such an an amount of
mechanical energy is completely consumed. In other words, it may be reasonable to suppose, as Poleni and
‘sGravesande did in interpreting their experimental results, that the deformation caused in a plastic material by
the collision of a spherical body in free fall - the effect - is proportional to the amount of ‘energy of motion’ - or
‘kinetic energy’ - of the spherical body at the moment when it collides with the plastic material. In other words,
we could suppose that

def o E. ®)

If this hypothesis is correct, the amount of ‘kinetic energy’ of the spherical body at the moment of the collision is
proportional to the respective product mv? (formula (2)):

E o mV? (4)

In the following, we investigate whether this hypothesis is physically correct or not, i.e., we investigate if the
deformation of the plastic material observed by Poleni and by ‘sGravesande in their experimental works is
proportional to and only to the amount of ‘kinetic energy’ of the spherical body at the moment of its collision
with the plastic material. Our discussion shows what the physical meaning of the deformation observed by
Poleni and by ‘sGravesande in their experimental works is, i.e., the physical meaning of the product mv2.

5. An Ideal Experiment

Let us imagine doing an ideal experiment. Let us assume that someone shoots at us a gunshot, and that, when the
bullet comes to touch our body, we move back very very quickly in the direction of movement of the bullet, as
Superman would be able to do, at a speed which is off by a very tiny fraction of the speed of the bullet.

Assume that we continue moving back: the bullet is continuously leaned against our body, but it does not
penetrate our body. After a certain time has passed, the bullet falls to the ground, and our body has no
deformation. Instead, if we are at rest in the reference frame, the bullet penetrates our body creating a cavity, a
deformation.

This ideal experiment shows that although the energy of motion of the bullet is the same, the deformation our
body suffers can be very different. The energy of motion of the bullet is certainly not 0, but the deformation can
be 0. Therefore, if the deformation is proportional to the amount of energy of motion of the bullet, certainly it is
not proportional only to the amount of energy of motion of the bullet.

The ideal experiment shows that the amount of deformation of the target is related to the state of motion of the
target in the reference frame at the moment of the collision with the bullet. However, what the state of motion of
the target does have to do with the amount of energy of motion of the bullet? Of course, it has nothing to do
with.

The state of motion of the target is related to the time interval in which the bullet is stopped in the reference
frame, so that the amount of deformation is proportional to the power with which the amount of energy of
motion of the bullet is consumed. If we move back very quickly in the direction of motion of the bullet at a speed
just below the speed of the bullet, the energy of motion of the bullet is consumed in a time-span significantly
longer than the time-span in which it is consumed when we are at rest in the reference frame. If the time-span in
which the amount of energy of motion of the bullet is consumed is significantly long, the power is very low,
close to 0, and the deformation is close to 0.

The amount of the energy of motion of the bullet is completely independent from the modalities of consumption
of such an amount of mechanical energy, which can be any. Therefore, the amount of energy of motion of the
bullet and the power of consumption of this amount of mechanical energy are completely independent variables.
Calling P the power of consumption of the mechanical energy of motion, we write

def o E-P. )
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We now return to the experimental works of Giovanni Poleni and of Jakob W. ‘sGravesande. We consider the
deformation caused in the plastic material by a spherical body of mass m repeatedly dropped through an
equivalent vertical distance z before colliding with the plastic material. Let’s imagine we move the plastic
material in different ways. At the moment of colliding, the plastic material can be in motion upwards in the
reference frame, or it can be in motion downwards, or it can be at rest in the reference frame. All other
conditions being equal, we observe that in the case the plastic material, at the moment of the collision with the
spherical body, is moving upwards in the referemce frame, the deformation is larger than in the case the plastic
material, at the moment of the collision, is at rest in the reference frame; and that in the case the plastic material,
at the moment of the collision, is at rest in the reference frame, the deformation is larger than in the case the
plastic material is moving downwards in the reference frame.

The height of drop before the collision — i.e. the time-span of fall - is the same in all these cases, so that the state
of motion of the spherical body in the reference frame at the moment of the collision with the plastic material is
certainly the same. Thus, also the amount of ‘energy of motion’ of the spherical body at the moment of the
collision with the plastic material is certainly the same. However, the deformation of the plastic material is not
the same. The deformation depends on the state of motion of the plastic material in the reference frame at the
moment the collision occurs.

Therefore, if the deformation of the plastic material is proportional to the amount of energy of motion of the
spherical body at the moment the collision occurs, the deformation is not just proportional to the amount of
energy of motion of the body at the moment the collision occurs. The deformation evidently depends on the state
of motion of the plastic material in the reference frame at the moment of the collision.

If the plastic material is moving upwards at the moment the collision occurs, the deformation of the plastic
material per unit of time — i.e. the amount of plastic material that comes into contact with the surface of the
spherical body in the unit of time as a result of the deformation of the plastic material - is higher than in the case
the plastic material is at rest in the reference frame, all other variables being equal. Thus, the state of motion of
the plastic material in the reference frame at the moment of the collision is related to the time interval in which
the falling body is stopped in the reference frame.

If the state of motion of the plastic material in the reference frame at the moment the collision occurs is related to
the time interval in which the falling body is stopped in the reference frame, the state of motion of the plastic
material in the reference frame at the time of the collision is related to the mechanical power with which the
mechanical energy of motion of the falling body is consumed in the collision.

We conclude that if the deformation caused by the collision of a spherical body in free fall in a plastic material is
proportional to the amount of energy of motion of the body at the moment when it collides with the plastic
material, the deformation is not just proportional to the amount of energy of motion of the body. Hypothesis (3) —
(4) is not correct. The deformation of the plastic material also depends on the state of motion of the plastic
material at the moment the collision occurs, i.e. it is proportional to the mechanical power with which the
amount of energy of motion of the body is consumed in the collision.

In Poleni’s and in ‘sGravesande’s experiments, the plastic material was at rest in the reference frame at the
moment the collision occurred. The case of the plastic material at rest in the reference frame at the moment the
collision occurs is not different from any other case in which the plastic material is moving at the moment the
collision occurs. To be at rest in the reference frame is to be in a particular state of motion, which corresponds to
a particular value of the mechanical power of consumption of the amount of energy of motion of the falling body.
Therefore, if the deformation observed by Poleni and by ‘sGravesande in the respective plastic materials was
proportional to the amount of mechanical energy of motion of the spherical body at the moment when it collided
with the plastic material, the deformation was also proportional to the value of the mechanical power of
consumption of such amount of mechanical energy of motion in the case the plastic material was at rest in the
reference frame.

The state of motion of the plastic material in the reference frame at the moment the collision occurs is not related
to the amount of energy of motion of the falling body. The latter, at any time during fall, is related to the action
of the gravitational process. The movement of the plastic material at the time the collision occurs has nothing to
do with the action of this physical process, and can be any. Therefore, the mechanical energy of motion of the
falling body at the moment of the collision and the mechanical power of consumption of this mechanical energy
of motion are completely independent variables.
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6. Interpretation of the Results of the Experiments of Giovanni Poleni and of Jakob W. ‘sGravesande

According to discussion in Section 5., we assume that under the conditions of the experiments of Poleni and of
‘sGravesande the deformation caused in the plastic material by the collision with a spherical body is proportional
to the amount of energy of motion of the body, and to the mechanical power with which this amount of
mechanical energy is consumed in the collision (formula (5)).

We write the time interval t in which the spherical body is stopped in the reference frame in terms of the
acceleration of the body, a. If v is the velocity of the body at the moment of the collision;

a=(0-vt (6)
so that
Ut = - alv @)
Substituting 1/t into eq. (5) we obtain:
def o E-E-alv 8)

Acceleration a of the spherical body is proportional to the difference in velocity, in the reference frame, between
the spherical body and the plastic material at the time of the collision. Calling v, the velocity of the plastic
material at the time of the collision, the acceleration is proportional to the algebraic difference between the
velocity of the spherical body and the velocity of the plastic material, v—v,.. If v is positive, and vy, is negative -
i.e., the plastic material is moving upwards at the moment when the collision occurs - the algebraic difference of
the two velocities is the sum of the two velocities. In this case, in the collision, the deformation of the plastic
material per unit of time — i.e. the amount of plastic material that comes into contact with the surface of the
spherical body in the unit of time - is higher than in the case the plastic material is at rest in the reference frame.
Thus, causing higher acceleration of the body.

Moreover, the acceleration of the body is inversely proportional to the mass of the body, because a higher mass,
ceteris paribus, determines a higher inertia, a higher impetus of penetration in the plastic material. Therefore,
substituting a in formula (8), we write:

def oc E-EN-(V — Vp)/m 9)

Since in the experiments of Poleni and of ‘sGravesande the plastic material is at rest in the reference frame, vy, =
0 so that:

def oc E¥m (10)

Thus, our analysis suggests that the deformation caused in the plastic material in the experimental works of
Poleni and of ‘sGravesande is proportional to the square of the amount of energy of motion of the spherical body
at the moment it collides with the plastic material, and inversely proportional to the mass of the spherical body.

Since both Poleni and ‘sGravesande observed the deformation of the plastic material to be proportional to the
product mv? (formula (2)), according to this analysis E%/m is proportional to mv?:

EYm o mv? (11)

E2ac mA?, (12)
and we solve this formula for the amount E of mechanical energy of motion of the spherical body:
E o mv. (13)

Therefore, according to this interpretive view of the results of the experiments of Giovanni Poleni and of Jakob
W. ‘sGravesande, the amount of ‘energy of motion’ — the ‘kinetic energy’ - of a body in free fall is, at any instant,
proportional to the mass of the body and to the velocity of the body, and not proportional to the mass of the body
and to the square of the velocity of the body.

7. Conclusions

In this study, we have proposed an interpretive analysis of the deformation data obtained by Giovanni Poleni and
by Jakob W. ‘sGravesande in their respective experimental works. If this interpretive view is close to be correct
for the conditions of the experiments of Poleni and of ‘sGravesande, the amount of ‘energy of motion’ of a body
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which is moved by a gravitational process in a reference frame is not proportional to the mass of the body and to
the square of the velocity of the body in the reference frame, but it is proportional to the mass of the body and to
the velocity of the body in the reference frame.

In Sections 2-3., we have shown that in the absence of processes which consume amounts of mechanical
effort/energy the amount of ‘energy of motion’ of a body moved by a gravitational process is at any moment
exactly equivalent to the amount of mechanical effort/energy which has been ‘expended’ by the gravitational
process to put the body in such a state of motion. Thus, we speak of ‘conservation’ of the mechanical
effort/energy, because the amount of mechanical energy expended by the process is ‘conserved’ in the body in its
own state of motion. For this reason, a gravitational process, by moving a body in a vacuum, expends a certain
amount of mechanical energy, and simultaneously produces an equivalent amount of mechanical energy
represented by the body in its state of motion.

In a gravitational motion the product mz of a body of mass m moved by a gravitational process through a vertical
distance z - i.e. the product mv? because in a gravitational motion the vertical distance z is proportional to the
square of the velocity of the body in the reference frame - is presently called the ‘kinetic energy’ — i.e. the
‘energy of motion’ - of the body. However, we have shown here that the physical meaning of mv? is only partly
related to the amount of ‘energy of motion’ of the body in the reference frame. Of course, even now, we can
decide, we can decide to define the product mv® to be the amount of ‘energy of motion’, the amount of ‘kinetic
energy’, of a body of mass m which is moved to a velocity v in the reference frame by a gravitational process.
Nevertheless, this denomination is misleading.

Misone of Chene (VIth century B.C.) said that it is good to find proper words to describe ‘things’ after careful
study of the meaning of the ‘things’ that such words must describe; and that it is not good to study ‘things’
starting from words. Accordingly, it is not proper to call the product between the mass and the square of the
velocity of a body moved by a gravitational process ‘kinetic energy’ of the body, because this product is not
proportional only to the amount of mechanical energy of motion of the body, but it is also proportional to the
power with which such an amount of mechanical energy is consumed by collision of the body with a plastic
object at rest in the reference frame.

According to the proposed interpretive analysis, the amount of mechanical energy of motion of a body moved in
a vacuum by a gravitational process is, at any instant, proportional to the velocity of the body. If this is correct,
since the process, under certain limits, accelerates the body at a constant rate, we infer that a gravitational
process, in its time span of action, expends/produces mechanical energy at a constant rate. In other words, in the
unknown process which is at the origin of the production of gravitational mechanical energy, the amount of
energy the process expends/produces in moving a body in a vacuum over a vertical distance z is not, as it is
currently believed, proportional to this distance, but proportional to the time span of action of the process.

The unknown process at the origin of the expenditure/production of mechanical energy in gravitation has
certainly its origin in some physical conditions. If those conditions are not fulfilled, the process does not/cannot
take place, and if those physical conditions do not change in the time-span of action of the process, the
expenditure/production of mechanical energy per unit of time does not/cannot change with time as the process
works. In other words, if the physical conditions which are at the origin of the process of expenditure/production
of gravitational mechanical energy do not change in the time span the process operates, the
expenditure/production of mechanical energy of motion occurs/must occur at a constant rate.

This is consistent with the interpretive model proposed in this study, but it is not consistent with the model
proposed by Leibniz. In the model proposed by Leibniz (Leibniz, 1686; 1695), the amount of energy of motion,
mv?, is proportional to the square of the time of action of the process. This means that according to Leibniz’s
model, in the process which stands at the origin of the expenditure/production of gravitational mechanical energy,
the rate of expenditure/production of mechanical energy changes (increases) linearly with the time. Therefore, if
the model of Leibniz in calculating the amount of energy of motion of a body moved by a gravitational process
is assumed to be the correct model, it should be explained the reasons why in the process which stands at the
origin of the expenditure/production of gravitational mechanical energy the rate of energy
expenditure/production changes without being changed any condition, as, for example, certainly occurs for
short-z falls.
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