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Preface

Hello!
My name is Vladimir Pletser. Space and astronautics have been a passion since

childhood. Understandably, my studies and my career were oriented towards space
research. I studied mechanical engineering, then geophysics and I finished with a
Ph.D. in physics at the Catholic University of Louvain, in Louvain-la-Neuve,
Belgium.

I still remember one of my professors explaining what was weightlessness and
the enlightenment that I felt of understanding something that sounded complicated
but that eventually was so simple. Weightlessness is obtained when there is free
fall, and vice versa, and nothing else!

In the mid-80s, I joined the European Space Research and Technology Centre
of the European Space Agency, located in Noordwijk in the Netherlands. During
the 30 years, I spent at the Agency, I was in charge among other projects of the
aircraft parabolic flight programme. During these flights, we would recreate
weightless conditions for approximately 20 s during parabolas that the aircraft was
performing in the air. And this notion of weightlessness was always there with me.

In this book, I would like to introduce you to the wonders of weightlessness. Can
we live without weight? Or is it without gravity? I hope that the following pages
will help you to better understand some simple concepts, although these are not
always well understood even by eminent scientists.

The book is arranged in four chapters. Chapter 1 introduces the basic notions of
inertia, inertial and non-inertial reference frames, gravitation, gravity and weighti-
ness. Chapter 2 defines the concepts of weightlessness and free fall. Chapter 3
addresses microgravity, the methods to create it, its importance and applications, in
particular for material and fluid sciences. Finally, Chapter 4 deals with the effects of
weightlessness on human physiology and the changes the body of astronauts will
go through during a spaceflight.
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In the hope of creating a text that flows, I have reduced the number of formulas
in the main text leaving all the detailed developments in the appendices.

I hope that I have been able to share my passion and wish you an enjoyable read.
If you have any questions, do not hesitate to contact me.

Vladimir Pletser
Assistant Professor, Department of Physics, Faculty of Sciences

University of Kinshasa, Congo; and Catholic University
of Louvain, Louvain-la-Neuve, Belgium (1982–85)

Senior Physicist—Engineer, European Space Research
and Technology Centre (ESTEC), European Space Agency (ESA)

Noordwijk, The Netherlands (1985–2016)

Visiting Professor—Scientific Adviser, Technology
and Engineering Centre for Space Utilization

Chinese Academy of Sciences, Beijing, China (since 2016)
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Chapter 1
Can Inertia Make Us Move?

1 Introduction

Gravity disturbs certain experiments and reduces the field of investigation of some
scientific domains. Gravity is omnipresent on Earth. It accompanies us in all our
movements since birth and it is difficult to imagine our environment without it. How
to conceive that, without it, the slightest step would propel us in the air or that liquids
would take a spherical form?

And still, gravity effects hide other effects pertaining to materials or fluids under
study and that depend often on intrinsic properties ofmatter or of its state. Convection
in fluids, so evident that it is called “natural”, is caused by gravity acting on local
differences of density caused by differences of temperature or concentration. The
resulting Archimedes or buoyancy force induces an ascending motion of fluid zones
of lesser density and a descending motion of fluid zones of larger density, creating
convection cells in gases (“warm air rises, cold air descends”), in liquids and in
melted solids, yielding disruptive phenomena in separation processes.

Nevertheless, gravity can only exist if the gravitational attraction is thwarted by
the presence of a solid surface that prevent the gravitational force of continuing its
action of attraction. Although gravitation is omnipresent in the universe, gravity is
the exception and its absence, weightlessness, the general rule.

This book is subdivided into four chapters. This chapter recalls some notions in
physics on inertia, inertial and non-inertial reference frames, gravitation and gravity,
that are needed to understand the phenomenon of weightlessness. The second chapter
is devoted to the concepts of free fall and weightlessness. Microgravity is the subject
of the third chapter with its methods, means and applications. The fourth chapter
covers the physiological effects of weightlessness.

This book is not a rigorous lesson of classical mechanics. Certain notions are
introduced while relying on the reader’s intuition. The well-informed reader will
forgive this approach that has the advantage of recalling rapidly the necessary notions
to the introduction of the concept of weightlessness. The text is structured such

© The Author(s) 2018
V. Pletser, Gravity, Weight and Their Absence, SpringerBriefs in Physics,
https://doi.org/10.1007/978-981-10-8696-0_1
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2 1 Can Inertia Make Us Move?

that important notions are introduced in the main part and details and mathematical
developments are relegated to appendices whose reading is not strictly necessary.

Let us mention also that the word ‘gravity’, so far italicized, is used in the English
language to designate two different, although close, physical concepts that will be
explained in more details in Sect. 3. However, to conform to the usage, we have
kept the word ‘gravity’ everywhere but in italics, except when it means the force
associated with the phenomenon of gravitation. The meanings of the word ‘gravity’
are discussed in Appendix 1.

2 Inertia and Inertial Reference Frames

Among numerous experiments with projectiles in the 17th century, Galileo was
interested by the motion of a spherical bead on a horizontal plane. The launched
bead rolls along a straight line and eventually stops because of friction. Galileo
asked himself what would happen in the theoretical ideal case where the bead would
be perfectly spherical, the plane infinite and perfectly horizontal, and friction non-
existent. He had the audacity (for the epoch) to affirm that the bead would continue
its motion indefinitely along a straight line, at a constant speed and keeping its initial
velocity. In the particular case where the initial velocity is null, the bead would stay
in its initial rest state. These two visions of things seem to us perfectly logical and
natural. This simple experiment introduces Galileo’s principle of inertia, the first to
have been stated. If no forces are applied to the bead (or if the sum of all applied
forces is null), the bead keeps its initial velocity, or in other words, its acceleration
(i.e. the rate of change of its velocity) is null. This bead is unable by itself to change
its velocity without an external force: this body is inert (from Latin iners, unable).

Newton has generalized this Principle of Inertia to all bodies, whatever they are,
terrestrial or celestial, in a natural undisturbed motion:

A body on which no force is acting is either at rest or in a uniform rectilinear
motion.

i.e. with a constant velocity and along a straight line. If a body is at rest, it tends
to stay at rest; if it is in motion, it tends to stay in motion. This statement is relatively
simple, but it was diversely understood through centuries and still creates havoc.

To formulate this inertia principle, we need to recall some general basic notions.
First of all, themass of a body: intuitively, everybody can imaginewhat it is. However,
several definitions are possible and were the object of numerous discussions and
debates. We take here the definition given by Newton:
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The mass of a body is the measure of the quantity of matter in this body.

This definition can be mistaken for that of another notion and must be understood
correctly (see Appendix 2). Two other definitions of the mass are given further, but
for the moment, this one is sufficient to introduce what follows. The magnitude of
the mass is expressed by a scalar (i.e. by a single number) and its unit in the standard
SI1 system is the kilogram. Recall as well that mass is different from weight, which
will be introduced further on.

Other physical entities, like velocity and acceleration, are expressed by vectors,
i.e. by two factors, the norm (or magnitude) and the direction of the vector.

In what follows, we will assume that bodies have constant mass and move as a
whole, without deformation, and at velocities sufficiently smaller than the speed of
light (approximately 300 000 km/s, or slightly more than a billion km/h) to neglect
all relativistic effects.

Physical vectorial entities are always expressed with respect to a reference. To say
that a car drives at 100 km/h means that its speed is 100 km/h with respect to the road
(whose velocity is null). In Galileo’s experiment, the velocity and acceleration of the
bead are expressed with respect to the horizontal plane (that can be assumed at rest).
One introduces so the notion of reference or referential frame. One distinguishes two
kinds of reference frames: the inertial (or Galilean or Newtonian) reference frame
and the non-inertial (or non-Galilean or non-Newtonian) reference frame.

An inertial reference frame is a reference frame in which the inertia principle
is verified.
Anyother reference frame is non-inertial, i.e. the inertia principle is not verified
in this reference frame.
A reference frame in a uniform rectilinear motion with respect to another
inertial reference frame is also an inertial reference frame.

The inertial reference frame is an ideal theoretical concept (see Appendix 3).
However, everybody has experienced the phenomenon of inertia in a non-inertial
reference frame during a journey by car, train, bus or plane. What pushes you to go
in the opposite direction of the vehicle acceleration is caused by the phenomenon of
inertia, defined as follows:

1International System of Units (in French: Système international d’unités, SI).



4 1 Can Inertia Make Us Move?

Inertia is the physical phenomenon coming from the property of a mass to
oppose the change of its velocity, in speed (the magnitude of the velocity
vector) or in direction.
The inertia force is the resistance that amass opposes to changes of its velocity.

In the non-inertial reference frame attached to the vehicle, this vectorial force of
resistance or of inertia

−→
F in reads like the product of the mass m of the body and its

acceleration −→a :

−→
F in � −m −→a (1)

and where the minus sign is conventional to indicate that the inertia force is in the
opposite direction of the acceleration

What does it mean? Let us take the example of a passenger in a train walking
toward the front of the train, moving forward. Let us consider the three following
cases, as illustrated in Fig. 1:

(1) As long as the train moves in a straight line at a constant velocity, the passenger
(if not looking through thewindow) can think that hewalkswithout being shaken
and that the train may as well be at rest, i.e. that the passenger does not feel any
inertia force. One can say that the reference frame of the train is inertial and in
rectilinear (i.e. along a straight line) and uniform (i.e. at constant speed) motion,
with respect to the ground, that can be considered in a first approximation as an
inertial reference frame.

(2) If the train, while keeping its speed constant, turns to the right (or to the left),
the walking passenger is thrust to the left (or to the right).

(3) If the train, while still moving in a straight line, starts to accelerate (or to decel-
erate), the forward walking passenger is thrust backward (or forward).

In these last two cases, the reference frame attached to the train is no longer inertial
because it is no longer in a rectilinear motion in case (2) and because it is no longer
in a uniform motion (the speed is no longer constant) in case (3). In these two cases,
the passenger feels an inertia force that pushes him in the direction where he would
tend to go and with the velocity that should be his, would the rectilinear uniform
motion not have been thwarted. (see Appendix 4 for more on this).

More generally, any reference frame that is not in a rectilinear uniform motion
with respect to an inertial reference frame, is non-inertial. One recalls that:

In an inertial reference frame, there are no inertia forces.
In a non-inertial reference frame, there are always inertia forces.

Which inertial reference frame can be considered in practice? Let us recall first
that a spatial reference frame, designated by R, is made of three axes perpendicular
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Fig. 1 Example of the passenger walking toward the front of the train. (1) The train drives in a
straight line at a constant velocity; its reference frame can be considered as inertial. The passenger
does not feel anything. (2) The train turns to the right at constant speed; its reference frame is no
longer inertial. The passenger is thrust to the left. (3) The train accelerates in a straight line; its
reference frame is no longer inertial. The passenger is thrust backward. (Credit: P. E. Paulis)

to each other, designated by X, Y and Z , coming from a to-be-defined origin. Any
three-dimensional vectorial entity is expressed in such a reference frame.

Rigorously speaking, an inertial reference frame must be either at rest or in a
uniform rectilinear motion with respect to another reference frame which itself must
be inertial. In practice, it is never the case. Nevertheless, two reference frames can be
considered as inertial with a good approximation to study phenomena on our planet.

Reference frames attached to Earth have as origin a point of the planet, in
particular either the centre of the Earth (the geocentric reference frame attached to
the Earth, sometimes called Earth-centred, Earth-fixed) or a point on the surface
of the planet (a reference frame attached to Earth’s surface, e.g. the reference
frame of a laboratory on Earth), and as axes three axes fixed with respect to the
Earth considered as a perfect non-deformable solid. These reference frames can
be considered as inertial in a first approximation, as long as the phenomenon
under study in one of these reference frames is of short duration, of limited spatial
extend with respect to Earth’s dimensions and unaffected by Earth’s rotation. The
committed approximation is sufficient to study most of problems of classical earth
mechanics (except those indicated in Appendix 3).
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The celestial geocentric reference frame (also called Earth-centred inertial) has
for origin Earth’s centre of inertia and as axes three axes directed toward fixed
stars. This reference frame can be considered as inertial in a second approximation,
better than the one of the reference frames attached to the Earth. The celestial
geocentric reference frame is used to study phenomena affected by Earth’s rotation
and movements of Earth’s artificial satellites.

Other inertial reference frames are presented inAppendix 3, with estimated orders
of magnitudes of the committed approximations.

3 Gravitation and Gravity

Newton introduced in 1687 the theory of universal gravitation that specifies that two
bodies attract each other in direct function of the product of their mass and in inverse
function of the square of the distance separating their centres of mass. One recalls
the following definitions:

Gravitation is the physical phenomenon of attraction of amass towards another
mass.
Gravity is the force associated with the phenomenon of gravitation.

(Note that here, the word ‘Gravity’ is not italicized.)
In a geocentric reference frame, the vectorial attraction force

−→
F gr exerted by

Earth of mass ME on a proof mass m located at a vectorial distance −→r from the
centre of the Earth reads:

−→
F gr� − GMEm

r2

(−→r
r

)
Fgr� GMEm

r2
(2)

where the negative sign indicates that the gravitational attraction force of the Earth

on the massm is directed in the opposite direction of the unit radius vector
(−→r

r

)
and

where Fgr is the norm of the vectorial force. G is a constant, called the gravitational
constant, measured for the first time in 1798 by the English physicist Cavendish with
laboratory experiments on attracting masses suspended to a torsion balance. The
actual SI value of this constant is G �6.674 28×10−11 m3 kg−1 s−2.

Anticipating the conclusion, it is important to realise the following point: gravi-
tation can never disappear! Gravitation and gravity are omnipresent in our universe
and it is physically impossible to nullify one or the other. Never can you say that
gravity is null! One must insist strongly on this important point that is unfortunately
the source of much confusion: it is impossible to make gravitation disappear. The
force of gravity never disappears! (except the two mathematical limit cases of a null



3 Gravitation and Gravity 7

mass, which is obvious, or an infinite distance between two bodies, which physically
does not make any sense).

Before defining gravity and weight, let us take the following example. Let us
consider an observer on the surface of the Earth which rotates on itself. This observer,
wishing to determine the value of gravity, conducts an experiment to measure the
force of attraction of Earth’s mass on a proof mass. Despite all his efforts, he would
only obtain a measure of the force resulting from gravity and the centrifugal force
due to Earth’s rotation, much smaller than gravity (about 300 times smaller at the
equator), but still existing. This little centrifugal force is in fact an inertia force due
to Earth’s rotation, more precisely due to the fact that the experimental measurement
is conducted in a non-inertial reference frame, the laboratory on Earth’s surface (see
Appendices 3 and 6). This global phenomenon that our observer on Earth can directly
study is the phenomenon of gravity.

Gravity is the phenomenon resulting from the phenomenons of gravitation and
inertia.
Weight is the force associated with the phenomenon of gravity.

Defined in a non-inertial reference frame, weight (the force due to gravity) is
thus the sum of gravity (the force due to gravitation) and all inertia forces acting in
this non-inertial reference frame (in the case of Earth, mainly those due to Earth’s
rotation). One will remember the following associations:

Reference frame: inertial non-inertial

Inertia forces: absent existing

Phenomenon: gravitation gravity

Associated force: gravity weight

Note that the word ‘gravity’ appears twice in this Table, once in italic and once
in normal characters. It shows that this word designates two close, but different,
concepts (see Appendix 1).

Before introducing the notion of weightlessness in the second chapter, we still
have to discuss the Equivalence Principle, coming back first to the notion of mass of
a body. Mass, defined above as the measure of the quantity of matter in a body, has
two properties ensuing from the Principle of Inertia and from Newton’s gravitation
theory.

Firstly, from the Principle of Inertia it comes that the massm of a body in relation
(1) represents the inertia of this body, i.e. the measure of the resistance that this body
opposes to its acceleration (i.e. to all modifications of its velocity); this mass is called
inert or inertial mass and is noted further min.
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Secondly, from Newton’s gravitation theory, it comes that the mass m of a body
in relation (2) represents the measure of attraction of this body to another one; this
mass is called gravitational mass and noted further mgr .

Newton admitted implicitly and without explaining it, that both inertial and grav-
itational masses were equal:

min � mgr (3)

This equality was experimentally confirmed up to a high degree of precision. At
the beginning of the 20th century, Einstein made of this equality a founding base of
general relativity. He saw in the equality of the inertial and gravitational masses a
more profound reason, a fundamental equivalence between the effects of gravitation
and the effects of inertia in an accelerated frame (i.e. a non-inertial frame). The
equality of the inertial and gravitational masses must be interpreted as an essence
identity between the forces of inertia and of gravity. This new concept is expressed
in the

Principle of Equivalence
The phenomenons of gravitation and inertia are equivalent in a non-inertial
reference frame.
Locally in a uniform gravitational field, a non-inertial reference frame can
always be found such that the sum of inertia forces exactly balances the force
of gravity.

This identity also means that:

Locally the two gravitational and inertial forces have indiscernible actions as
they both yield to a mass an acceleration independent from this mass.

Equating relations (1) and (2) yields, with the equality (3):

Fin � Fgr ⇒ min a �G M mgr

r2
⇒ a �GM

r2
(4)

The force of gravity of a mass M exerted on a body of mass m yield thus an
acceleration a, independent from the mass m of this body.

In the particular case of a mass m on the surface of the Earth of mass ME , one
usually notes this acceleration a by the letter g. We will note it here ggr (for gravita-
tional g) to avoid confusing it with the acceleration of gravity, that will be noted gw
that is introduced in Appendix 6.

From (4), one obtains the expression of ggr , the norm of the vectorial acceleration
of gravity:
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ggr �G ME

r2
(5)

Let us insist again on the local character of the Principle of Equivalence, the
identity between gravitational and inertial forces is only applicable locally, in a
region where the value of the acceleration ggr , function of the distance r, is not likely
to change.

As already mentioned, all attempts to measure the acceleration ggr of gravity
conducted on the surface of Earth will always end up in the measurement of the
acceleration gw of gravity, i.e. the acceleration resulting from the acceleration ggr of
gravity and the acceleration caused by the inertial centrifugal force due to the Earth’s
rotation (and by other smaller inertial forces). The value of this acceleration gw of
gravity is on average 9.81 m/s2 on the surface of the Earth. Appendix 6 summarize
the distinctions to bring to the various values of gw in different locations on Earth.

Conclusion of the First Chapter

Before answering to the question in the title of this chapter, it must be said that it
is asked in a non-inertial reference frame. The answer is then affirmative, as inertia
forces are one of the principal cause of motion in a non-inertial reference frame,
consequence of inertia, the property of all masses to oppose changes in velocity.

The second chapter will answer to another question, namely is weightlessness
without gravity?

Appendix 1: A Matter of Words

As seen in Sect. 3, the use of the single word ‘gravity’ can be confusing. So let us
summarize what we mean exactly by gravity and gravity.

Gravity (without italics) is the force associatedwith the phenomenonof gravitation
as explained in Sect. 3. Gravity (in italics) is the phenomenon resulting from the
phenomenons of gravitation and inertia, and weight is the force associated with the
phenomenon of gravity.

The common use of the single word ‘gravity’ to designate both concepts is the
source of many confusions since centuries and its back translation in French and
other languages has created additional confusion.

Another word exists in the English language, and although rarely used, it can
exactly describe what we mean by gravity here. This word is weightiness. If we look
at its definition, we find2 “The state or quality of being physically heavy or weighty,

2Webster Dictionary, http://www.thefreedictionary.com/Weightiness,
Princeton’s WordNet, http://www.definitions.net/definition/weightiness,
Webster 1913, https://www.niftyword.com/dictionary/weightiness/.

http://www.thefreedictionary.com/Weightiness
http://www.definitions.net/definition/weightiness
https://www.niftyword.com/dictionary/weightiness/
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or the property of being comparatively great in weight; weight; force; importance;
impressiveness”.

So, we can extend the definition of gravity (in italics) given in the middle of
Sect. 3 to the word weightiness, as the phenomenon resulting from the phenomenons
of gravitation and inertia. Weight is the force associated with the phenomenon of
weightiness.

However, the use of the word ‘gravity’ has become so widespread in the English
language to describe the two concepts of gravitational force and the weightiness
phenomenon that we will conform to this usage. Nevertheless, we will italicize
‘gravity’ to signify that we mean weightiness.

Let us note also that other languages have two different words for these two con-
cepts, for example in French, ‘pesanteur’ and ‘gravité’ respectively for weightiness
and gravity.

Appendix 2: Mass and Quantity of Matter

Newton defined mass as the measure of quantity of matter contained in a body
and expressed as the product of the volume by the specific mass of the body. This
definition should not be confused with another notion, called amount of substance
that is defined as the number of elementary particles constituting a body (atoms,
molecules, fractions of molecules, …) and whose unit is the mole. By convention,
the amount of carbon 12C whose mass is 0.012 kg represents an amount of substance
of 1 mole, which is approximately equal to 6.02214199×1023.

Furthermore, historically, what is called nowadays mass used to be designated
formerly by ‘quantitas materiae’ in Latin, which also contributed to the confusion.

Appendix 3: Inertial Reference Frames

To determine a perfect inertial reference frame is impossible. However, the principle
of inertia is verified daily at our spatial and temporal scale. The concepts of inertial
reference frame and of the inertia principle are tools of mathematical mechanics that
allow to apprehend and to describe most physical phenomenons observed at macro-
scopic scale. This notion of model is important as it gives a description (most of
time, a simple one) of an observed physical phenomenon with certain approxima-
tions. Practically, one tries to determine at best a reference frame supposedly inertial
and adapted to the study of a specific problem with the best possible approximation,
such that the error committed because of this approximation would be negligible
with respect to the studied phenomenon, i.e. below a threshold arbitrarily fixed to a
small fraction of the result obtained while studying this phenomenon.

The committed approximation is generally due to two inertial accelerations,
expressed in a reference frame R in a non-uniform rectilinear motion with respect
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to another reference frame Ro, supposedly fixed (i.e. whose “inertial” character is
better that the one of R). To evaluate an order of magnitude, let us suppose that the
motion of R with respect to Ro is a pure rotation with a constant angular velocity ω.
The vectors of centrifugal acceleration −→ae and Coriolis acceleration −→ac of a material
point in R have norms

ae � ω2r ac � 2ωvr (A3.1)

where r and vr are the distance and relative speed of the point with respect to the
origin of R (and assuming further that the displacement acceleration of the origin
of R with respect to Ro is negligible and that the relative motion of the point is
perpendicular to the rotation axis of R with respect to Ro; a course of Mechanics will
provide more details, see books suggested in references).

Four reference frames are generally considered as shown in Fig. 2 and one
proceeds by successive approximations.

1 Copernicus Reference Frame (RC)

This reference frame has for origin the centre of inertia (or centre ofmass) of the Solar
System and for axes three orthogonal axes whose direction are fixed with respect
to fixed stars. The reference frame can be considered in excellent approximation
as an inertial reference frame. However, it is not exactly inertial as its origin is
attached to the centre of inertia of the Solar Systemwhich is not fixed in the universe.
Furthermore, the fixed stars toward which the three axes are directed are only fixed
for a short instant at the astronomical scale, although sufficiently long to study the
motion of planets since man observes them.

Instead of the Copernicus reference frame, one could consider a galactic reference
frame (RGal) attached to the centre of the galaxy and whose axis’ direction would be
aligned on extra-galactic stars. Our galaxy describes a slow rotating motion such as
the Sun, at 32 000 light-years (≈3.03×1020 m) from the galactic centre, describes
a galactic revolution in 240 million years on average.

This galactic reference frame would be better (i.e. more “inertial”) than Coperni-
cus’ one, but with the inconvenience that it would be extremely difficult to describe
the motion of the Sun and planets, and, a fortiori, a phenomenon at the surface of
the Earth. Furthermore, this galactic reference frame would not be perfectly inertial
as well as our galaxy takes part in the general motion of the local cluster of galaxies
and of universe expansion.
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Fig. 2 Artist’s impression of some inertial reference frames: the Galactic reference frame RGal (in
galaxy’s centre), Copernicus reference frame RC (between the Sun and Jupiter), Kepler reference
frame RK (in the Sun’s centre), the celestial geocentric reference frame RG (in Earth’s centre) and
a reference frame attached to Earth’s surface RE . (Credit: P. E. Paulis)

Calculating by (A3.1) the committed approximation by considering Copernicus
reference frame instead of the galactic reference frame, the orders of magnitude
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Table 1 Approximations of inertial reference frames

r (m) ω (rad/s) ae (m/s2) ac (m/s2)

RC/RGal rGal
�3.03×1020

ωGal
�8.3×10−16

2.09×10−10 1.7×10−15

RK/RC rC.i.S-J
�7.43×108

ωJ.rev.
�1.678×10−8

2.1×10−7 3.4×10−8

RG/RK rE.orb.
�1.496×1011

ωE.rev.
�1.991×10−7

5.93×10−3 4×10−7

rC.i.E-M
�4.67×106

ωM.rev.
�2.662×10−6

3.3×10−5 5.3×10−6

RE/RG rE.eq.
�6.37814×106

ωE.rot.
�7.292×10−5

3.39×10−2 1.5×10−4

Inertial centrifugal (ae) and Coriolis (ac) accelerations (for which vr �1 m/s was assumed).

shown in Table 1 are perfectly negligible in front of the value of gw �9.81 ms−2 (one
considered a unit velocity of 1 m/s for the relative speed vr in Coriolis’ acceleration).

2 Kepler Reference Frame (RK)

This reference frame has for origin the centre of inertia of the Sun and axes parallel
to those of the Copernicus reference frame. This heliocentric reference frame can
be considered with a very good approximation as an inertial reference frame, as the
Sun centre of inertia is always close to the Solar System centre of inertia.

As the ratio of all planet masses to the Sun’s mass is about 1.3×10−3 and that
the ratio of Jupiter to Sun’s masses is about 9.55×10−4, one can approximate the
distance between the origins of Kepler and Copernicus reference frames by the
distance between the centre of inertia of the reduced Sun-Jupiter system (C.i.S-J)
and the Sun’s centre. The C.i.S-J is at about 7.43×108 m from the Sun’s centre on
the axis Sun-Jupiter, just outside the Sun whose radius is 6.96×108 m. Considering
that the C.i.S-J moves with the orbital velocity of Jupiter (whose orbital eccentricity
is neglected), one can evaluate the committed approximation in the Kepler reference
frame with respect to Copernicus reference frame. The orders of magnitude shown
in Table 1 are also negligible. The largest distance from the Solar System centre
of inertia in the most unfavourable theoretical case in which all the planets are in
conjunction on the same side of the Sun and aligned, i.e. passing through their orbit
node. In this configuration, the Solar System instantaneous centre of inertia is at
1.51×109 m from the centre of the Sun and the value of ae in Table 1 is only
doubled. Any other planetary configuration would yield a smaller value.
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3 Earth’s Reference Frames

In Kepler’s reference frame, Earth’s trajectory around the Sun is modelled by an
elliptical orbit having the Sun in one of its foci. In reality, Earth’s motion is more
complicated and can be decomposed as follows:

(1) The centre of inertia of the Earth-Moon system describes a quasi-elliptical tra-
jectory around the centre of inertia of the Solar System;

(2) The Earth’s centre of inertia describes a quasi-elliptical trajectory around the
centre of inertia of the Earth-Moon system;

(3) Earth describes a complex rotation motion around its centre of inertia, that can
be represented by a rotation movement around an axis, affected itself by several
very slow movements, the mains being precession and nutation.

Therefore, Earth’s reference frames (the celestial geocentric reference frame or a
reference frame attached to Earth) are far from being inertial!

3.1 Celestial Geocentric Reference Frame (RG)

Nevertheless, the celestial geocentric reference frame (with an origin at Earth’s centre
of inertia and axes parallel to those of Kepler’s frame) can be considered as inertial
with a good approximation, due to the motions given in (1) and (2) above.

This approximation is generally sufficient to study Earth’s artificial satellites’
motion, Eastward deflection of falling bodies, gyroscopes, Foucault’s pendulums,
winds and ocean currents, but not tides.

Considering that motion (1) can be approximated by Earth’s sidereal revolution
with angular velocityωE.rev. on a circular orbit of radius rE.orb. (eccentricity e�0.017
is sufficiently small to be neglected), one finds in Table 1 the orders of magnitude of
inertial centrifugal and Coriolis accelerations due to motion (1) above.

Motion (2) can be analysed as in the case of the reduced Sun-Jupiter system
here above. Knowing the Earth-Moon distance (3.844×108 m) and the ratio of their
masses (≈81.3), the centre of inertia of the Earth-Moon system (C.i.E-M) is at
4.67×106 m from the Earth’s centre, or at approximately 3/4 of Earth’s radius in
direction of the Moon. Assuming a circular Moon’s orbit (its eccentricity e�0.0549
can be neglected), one can say that Earth’s centre of inertia describes a rotation
around the C.i.E-M at the Moon sidereal orbital angular velocity (ωM.rev). Can we
neglect the effect of this offset rotation of the Earth around the inertia centre of the
Earth-Mon system? The answer, surprisingly in view of the distance (3/4 of Earth’s
radius) is yes: the inertial accelerations given in Table 1 are negligible.

A similar reference frame, called Earth Centred Inertial (ECI) reference frame,
is used to describe orbits and trajectories of artificial satellites and spacecraft in
astronautics. Its origin is at the Earth’s centre of inertia. The fundamental plane,
formed by the X and Y axes, includes Earth’s equator and the X axis points toward
the vernal equinox (see Fig. 3).
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Fig. 3 The Earth-Centred Inertial (ECI) reference frame (from Ref. 7)

3.2 Reference Frames Attached to Earth (RE)

The reference frames attached to Earth (with an origin at the centre or at the surface
of the Earth and axes fixed with respect to Earth, assumed solid and not deformable)
can also be considered as inertial with an approximation not as good as above, but
still sufficient to study local phenomenons on Earth. In this approximation, one
neglects the inertial centrifugal and Coriolis accelerations due to the rotation motion
(3) above. Considering only Earth’s sidereal rotation around its axis at the angular
speed ωE.rot , the inertial centrifugal acceleration at the equator is approximately 300
times less than the acceleration ggr of gravity. One can thus generally neglect it in
a first approach; however, it should be taken into account for precise measurements
(see Appendix 5).

One of the reference frames attached to Earth that is used commonly is the Earth
Centred, Earth Fixed (ECEF) reference frame, with the X axis always aligned with
the meridian of Greenwich which is defined as longitude 0° (see Fig. 4).

Appendix 4: Fundamental Forces and Inertial Forces

Except for inertia forces, all forces in the universe are based on four fundamental
interactions, namely gravitation, weak, electromagnetic and strong interactions.

The gravitational force acts betweenmasses and is an attractive force. The electro-
magnetic force acts between electric charges, and can be attractive between charges
of opposite signs or repulsive between charges of same signs. The strong and weak
forces are nuclear forces responsible for the interactions between subatomic particles
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Fig. 4 The Earth Centred,
Earth Fixed (ECEF)
reference frame (from Ref.
29)

and acting only at very short distances. The strong nuclear force is the force respon-
sible for the structural integrity of atomic nuclei, allowing the binding of the protons
and neutrons of the nuclei, while theweak nuclear force is responsible for the decay of
certain nucleons into other types of particles. Themost known effect is the beta decay
of neutrons inside the nucleus of atoms and the radioactivity produced by this decay.
The standard model of particle physics predicted the unification of the weak and
electromagnetic forces in the electroweak theory which observation has confirmed.
The unification of the other forces is a current active field of research in physics.

All other forces in nature derive from these four fundamental interactions. For
example, friction forces and the spring recall force are manifestations of the electro-
magnetic force.

On the other hand, inertia forces appear only in non-inertial reference frames.
These include centrifugal forces and Coriolis forces and more generally, any forces
that appear in a non-inertial reference frame in motion with a non-uniform velocity
with respect to an inertial reference frame. These inertia forces are not genuine, like
the four fundamental forces above, as they depend on the reference frames.

Inertial forces are sometime called “pseudo-” forces or “fictitious” forces by some
authors. According the Cambridge online dictionary3, “pseudo-” means “pretended
and not real” and “fictitious” means “invented and not true or existing; false”. This
choice of words, “pseudo-” or “fictitious”, is very unfortunate, as inertial forces are
“real”, although it is clear that they are not similar to the four fundamental forces
deriving from fundamental interactions.

3https://dictionary.cambridge.org/dictionary/english/.

https://dictionary.cambridge.org/dictionary/english/


Appendix 4: Fundamental Forces and Inertial Forces 17

Fig. 5 Centrifugal force vs centripetal force: a matter of point of view (Credit: xkcd)

Let us take a simple example. If the passenger walking in the train of Fig. 1 falls
due to the acceleration or deceleration of the train (cases 2 and 3), the lump of his
forehead will be real and painful, and not “fictitious” or “pseudo-” …

Therefore, to differentiate fundamental forces from forces appearing in non-
inertial reference frames, one could call these changing-reference-frame forces, or
accelerated-reference-frame forces, or simply… inertial forces (Fig. 5).4

4https://xkcd.com/123/.

https://xkcd.com/123/
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Appendix 5: How to Measure and Express Weight?

Defined in a non-inertial reference frame, the weightW of a body is a vectorial entity,
defined as the product of the body mass by the vectorial acceleration of gravity gw

�W � m �gw (A5.1)

The acceleration of gravity gw is further defined in Appendix 6.
One measures usually the weight of a body in two ways, with a scale or with a

spring apparatus. At the risk of tiring the reader, let us recall how to use a scale. The
body whose weight we want to measure is placed on one of the scale platforms. One
places on the other platform one or several mass standard(s), which are calibrated
and marked masses (and that the common language designates unfortunately and
incorrectly by the word “weight”). When the balance beam comes to horizontal by
adding or removing a certain number of mass standards, the sum of weights of these
mass standards indicates the result of the weighting of the body.

When this method is applied in a uniform gravitational field (i.e. with a scale
having sufficiently small dimensions compared to the radius of curvature of the
Earth gravitational field), this method comes down to compare two masses:

Wbody � Wstand. ⇒ mbodygw � mstand.gw ⇒ mbody � mstand. (A5.2)

Conducted on the surface of another planet, in a different gravitational field, this
method always gives the same result, as the local acceleration of gravity gw applied
two both platforms of the scale is equal (the simplification by gw on both side of the
second equality of (A5.2) is independent from the value of gw). Let us note that this
method, used since antiquity, has contributed to the confusion between notions of
weight and mass, the equality of ones yielded from the equality of the others, but not
implying the equality between them. The use of the term ‘weight’ to designate mass
is a misnomer and is unfortunately still very common.

The other method is a dynamic method, using apparatus like extension or com-
pression dynamometers, the most common being the bathroom scale. This method
does not compare two masses but two forces, the force associated to gravity (the
weight) and the force due to the extension of compression of a graduated spring:

�Fspring � −k �x (A5.3)

where k is a spring characteristic, called the spring constant or spring stiffness, �x
is the vectorial change of the spring length and the negative sign expresses that the
spring force is applied in the opposite sense of the change of the spring length.

Conducted on another planet, in a different gravitational field, this method never
gives the same result, as the weight depends on the local gravity while the spring
force is independent from it. For example, using the same extension dynamometer
on Earth and on the Moon, one would have at equilibrium:
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Fig. 6 One reasons in the non-inertial reference frame attached to the EarthRGE or in the laboratory
reference frame (not represented), in rotation with respect to the celestial geocentric reference frame
RGC , considered as inertial. The body to be weighted is on Earth’s surface at a point of latitude φ

and at a distance ρ (� rE cosφ) from the rotation axis. The body weight W is the vectorial sum
of Fgr and Fin (whose magnitude has been exaggerated on the drawing for visual clarity). The
deviation angle ϕ between the directions ofW (direction of the local vertical) and of Fgr (direction
of Earth radius) is also exaggerated on the drawing

W � Fspring ⇒
{
mgE .w � kx1 (on Earth)

mgM.w � kx2 (on theMoon)
(A5.4)

with x1 > x2, as gE .w > gM.w, Moon’s gravity being approximately six times less
than Earth’s gravity.

Let us conduct now the body weighting experiment with a dynamometer or with a
bathroom scale on the surface of the Earth. Which reference frames are we going to
consider? In the celestial geocentric reference frame (assumed inertial), the reference
frame of the laboratory is non-inertial as it is dragged along by Earth’s rotation (see
Fig. 6). This rotation induces in the laboratory reference frame an inertial centrifugal
force whose norm is

Fin � Fcentri f. � macentri f. � mω2
E .rot.ρ � mω2

E .rot.rE cosφ (A5.5)

where ρ is the distance from the point where the weighting is done to the Earth’s
rotation axis. Assuming a spherical Earth of radius rE and the laboratory located at
a place of latitude φ, one obtains the last equality in (A5.5).
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This force is directed perpendicularly to the Earth’s rotation axis and is maximal
on the equator (φ � 0◦) and nil at the poles (φ � 90◦). In the laboratory’s non-inertial
reference frame (or any reference frame attached to Earth, whether geocentric or not),
the weight is the vectorial sum of the force of gravity and of the inertial centrifugal
force. The weight vector is not directed toward the centre of the Earth (assumed
spherical) as the gravitational force, but along the vector resulting from the vectorial
addition of the force of gravity and the inertial centrifugal force (see Fig. 6). This
direction is the local vertical, given by the plumb line, and deviating by an angle ϕ

from the direction of the local earth radius. The weight vector and its norm read

�W � �Fgr + �Fin ⇒ W � Fgr cosϕ − Fin cos (φ + ϕ) ≈ Fgr − Fin cosφ (A5.6)

where the gravity force and the inertial centrifugal force are projected on the direction
of �W . The deviation angle ϕ is nil (i.e. the local vertical is along the earth radius)
at the equator (where the gravity and inertial centrifugal forces are aligned but in
opposite senses) and at the poles (where the inertial centrifugal force is nil). For
other latitudes, one shows that this angle ϕ is small, the maximum value is less than
0.2◦ arising at latitudes φ � ±45◦ (for a spherical model of the Earth) and decreases
when coming closer to the equator or to the poles. One can then neglect ϕ, like in
(A5.6). Note as well that the negative sign in front of Fin shows that this inertial
force must be subtracted from the gravity force. Replacing the norms ofW , Fgr and
Fin by (A5.1) and (A5.5) yield

W � mgw � m

(
GME

r2E
− ω2

E .rot.rE cos
2 φ

)
(A5.7)

This expression of the weight is correct in its principle, but it can still be corrected
for the values of rE and ωE .rot. (see Appendix 6). The inertial centrifugal force due
to Earth’s rotation is implicitly measured in the experiment of measuring the weight
conducted in a non-inertial reference frame attached to the Earth, geocentric or not.

One will recall that the mass of a body is invariable and stay the same anywhere
in the universe (if there are no nuclear reactions in the body and if one can neglect
relativistic effects), while the weight depends on the location in the universe.

Appendix 6: The Acceleration g

The acceleration ggr defined in relation (5) is indeed the acceleration of gravity. How-
ever, by an unfortunate but current language abuse, the average value of 9.81 ms−2

given at the end of Sect. 3 is in reality the average value of the acceleration of gravity,
expressed in a reference frame attached to the Earth and considered as non-inertial.
As shown in Appendix 5 in (A5.7), the average acceleration of gravity in a point on
Earth’s surface of latitude φ can be written in a first approximation as
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Table 2 Approximate values of gravity accelerations

ggr � (ms−2) acentri f. � (ms−2) gw � (ms−2)

At equator (φ � 0◦) 9.80 0.04 9.76

At the poles (φ � 90◦) 9.86 0 9.86

On average
(φ � ±45◦)

9.83 0.02 9.81

gw � ggr − acentri f. cosφ � GME

r2E
− ω2

E .rot.rE cos
2 φ (A6.1)

The accelerations gw and ggr given here above depend on Earth’s radius, i.e. on
the distance of Earth’s attractive centre to a point located on Earth surface. This
distance varies in function of latitude φ as Earth is not exactly spherical but can
be represented in a second approximation by an ellipsoid of revolution flattened
at the poles. The values of Earth’s equatorial and polar radii recommended by the
International Astronomical Union are respectively 6 378 136.6 and 6 356 752.3 m.
Relation (A6.1) yields then the values in Table 2.

These values are approximate but generally sufficient for calculations in the first
order.



Chapter 2
Is Weightlessness Without Gravity?

Introduction to the Second Chapter

In Chapter 1, we have introduced the notions of inertia forces that exist in non-inertial
reference frames in accelerated motion with respect to an inertial reference frame,
in which there are no inertia forces. Gravity (weightiness) has been defined as the
phenomenon resulting of gravitation and inertia. In a non-inertial reference frame,
the force associated to gravity (weightiness), weight, is the sum of the gravity force
and of all inertia forces.

In this chapter, the notions of free fall and weightlessness are defined in Sect. 4.
Free fall trajectories are presented in Sect. 5 and free fall in the universe is addressed
in Sect. 6.

4 Free Fall and Weightlessness

What givesweight to a body are gravity and the centrifugal inertia force due to Earth’s
rotation, as seen previously. On the other hand, the sensation of weight, what the sole
of the foot feels or what the bathroom scale indicates, is only possible thanks to the
obstacle on which rest the feet or the bathroom scale: the ground or the bathroom
floor. Imagine for a moment that the ground suddenly disappears or that we fall
through a hole in the floor, one loses immediately the sensation of weight because
there is nothing to cause it anymore: one falls freely.

Let us continue to imagine that the fall is performed now in a well or in a tower.
Air friction is such that the fall velocity would rapidly reach a constant value. Let us
imagine further that vacuum has been made in this well or tower, i.e. all air has been
pumped out. There is nothing anymore that would oppose a perfect free fall. There
is no force anymore acting on the body in free fall, except for gravity of course, as
the latter is responsible for the movement of free fall.

If one accepts that a reference frame attached to Earth’s surface would be inertial,
the movement of free fall with respect to this reference frame is rectilinear and
uniformly accelerated. On the other hand, in the reference frame attached to the
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body that falls freely, the sensation of weight has disappeared, gravity (weightiness)
is null, the body does not weight anymore although obviously, it keeps the whole of
its mass.

An important consequence of the Equivalence Principle (see Chapter 1) allows
us to introduce at last the notion of weightlessness. As there is equivalence between
the phenomena of gravitation and inertia in a non-inertial reference frame attached
to a body in a perfect free fall, one can always find such an accelerated non-inertial
reference frame that allows us to modify or nullify locally and temporarily the effects
of a gravitational field, i.e. a non-inertial reference frame in which the sum of inertia
forces equals gravity in magnitude but in opposite direction. “Locally” means here
only in this region of the universe corresponding to the vehicle or the body in free
fall, and “temporarily”, only for the duration of the free fall.

Let us take the example of an observer in a lift cabin without any windows. He
has no outside visual clues. The observer holds an object in hand that he releases
without throwing it (i.e. without initial velocity). Although air friction in the lift
shaft is always present, one accepts that it is negligible during the cabin motion (its
velocity is sufficiently small allowing to neglect this small perturbing force).

Consider the case inwhich the lift cabin is going upwith a certain acceleration. The
reference frame attached to the lift is thus non-inertial: with respect to this reference
frame, the observer’s weight increases slightly; it equals his normal weight on Earth
(directed toward the floor), plus the inertia force due to the accelerated movement of
the lift cabin with respect to a terrestrial reference frame; this inertia force is directed
downward, in the opposite direction of the upward acceleration of the cabin.

Consider now the following three cases in which the lift cabin is going down as
shown in Fig. 7.

(1) The cabin goes down with an acceleration aL smaller than gw: the elevator
functions normally. The reference frame attached to the cabin is not inertial:
with respect to this reference frame, the observer’s weight decreases slightly; it
equals his normal weight on Earth (directed toward the floor), plus the inertia
force due to the acceleratedmovement of the lift cabinwith respect to a terrestrial
reference frame; this inertia force is directed upward, in the opposite direction
of the downward acceleration aL of the cabin (see the minus sign in relation (1)
in Chapter 1). If the observer releases the object that he held, it falls toward the
floor.

(2) The cabin is “pushed” downward and descends with an acceleration aL larger
than the acceleration gw of gravity (weightiness). The observer suddenly has
a “negative weight” with respect to the reference frame attached to the cabin,
i.e. he rises to the ceiling and bumps his head with a force that is the resultant
between his normal weight on Earth (directed toward the floor) and the inertia
force due to the downward acceleratedmovement of the lift cabinwith respect to
a terrestrial reference frame; this inertia force is directed upward, in the opposite
direction of the downward acceleration aL of the cabin. If the observer lets the
object go from his hand, it also rises to the ceiling.

https://doi.org/10.1007/978-981-10-8696-0_1
https://doi.org/10.1007/978-981-10-8696-0_1
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Fig. 7 Example of an observer in a lift cabin descendingwith an acceleration aL ; the cabin reference
frame RL is non-inertial; the reference frame RE on ground is considered as inertial. Three cases:
(1) normal descent: aL < gw (left); (2) forced descent: aL > gw (middle); (3) descent in free fall: aL
= gw (right). (Credit: P.E. Paulis)

(3) The cabin goes down with an acceleration aL exactly equals to the acceleration
gw of gravity (weightiness). It is the typical case of rupture of the retaining cable
of the lift cabin: the cabin falls freely. The observer and the released object float
in the cabin, without going up or down in the cabin. The observer has a “null
weight” with respect to the cabin reference frame as it is the difference of his
normal weight on Earth (directed toward the floor) and the inertia force of the
cabin motion with respect to a terrestrial reference frame; this inertia force is
directed upward, in the opposite direction of the cabin free fall. These two forces
are equal and in opposite directions, they cancel each other and the observer
does not weight anything anymore. He is falling with the same velocity and the
same acceleration as the cabin and all its content. The object released from his
hand floats freely next to the observer in the cabin reference frame. Both are in
a state of weightlessness in the reference frame of the cabin. The observer does
not feel anymore the sensation of weight.

Consider now the point of view of an external observer standing on the ground. In
his referential frame, that is attached to Earth’s surface and that we suppose inertial,
he sees the lift cabin falling in a uniformly accelerated movement (if one can also
neglect air friction). There is thus no force other than gravity that acts and the external
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observer concludes that, with respect to his inertial reference frame, the cabin and
its content are in free fall.

On the other hand, for the courageous observer in the cabin, the situation is slightly
different. What can he logically deduce from his experience in the third case (other
than it is time to call the repair service)? The observer, as a good scientist, proceeds
by deduction of what he observes: he floats freely in the cabin reference frame. Two
logical interpretations are available to him and they are important to understand:

(1) either he deduces that hisweight is null with respect to the cabin reference frame,
that gravity (weightiness) is cancelled in his cabin and that, in the reference
frame attached to the cabin, he is in a state of weightlessness. Consequently, he
deduces that the cabin is in free fall in a gravitational field and that there is no
other force than gravity applied to him;

(2) or, alternatively, in absence of any other information from the outside world
(there are no windows in the cabin), he can deduce that, gravity seems to no
longer exist in his cabin, as if Earth would not gravitationally attract it any
longer. Suddenly, the attraction of the mass of Earth and all the masses in the
universe would have vanished. The reference frame of the cabin, from non-
inertial, seems to have become inertial and the cabin movement seems to have
become a uniform rectilinear translation movement. He does not feel any inertia
force anymore.

Both interpretations can very logically be deduced from the observation made
in the cabin without any other information. However, we know that gravitational
attraction cannot be nullified; it would mean that all masses in the universe must be
nullified or that one should be at an infinite distance of any mass, both being phys-
ically impossible. Therefore, the second interpretation must be rejected. These two
interpretations are not simply a theoretical artefact or a pure construct of the mind.
It is really a fundamental indiscernibility: a physics or chemistry experiment per-
formed in a laboratory in a perfect free fall gives results identical to those that would
obtained by nulling gravitational attraction, i.e. by doing “g = 0” in the equations of
a theoretical model of a phenomenon. There is no physical difference between the
consequences of a movement of free fall and the total absence of gravitational field.

One will remember that:

A body is in free fall if it is subjected to the only force of gravity in an inertial
reference frame and this body and all its content are in a state of weightlessness
in the non-inertial reference frame attached to the body.

Weightlessness thus appears in a non-inertial reference frame, which is in a state
of free fall with respect to an inertial reference frame. Weightlessness is a dynamical
state that requires a free fall movement.

It is also important to specify the reference frame in which one reasons. So, the
observer in the non-inertial reference frame of the cabin in free fall with respect
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to an external inertial reference frame, is in the state of weightlessness resulting
from the equality of the gravity force and of the inertia forces in this non-inertial
reference frame (the cabin observer “sees” only the weightlessness). On the other
hand, for an external observer in an inertial reference frame (e.g. an observer on the
ground), the cabin is in free fall and he does not “see” the weightlessness (there are
no inertia forces in his inertial reference frame): for him, the cabin and all its content
are falling with the same acceleration (the external observer “sees” only the free fall).
These two interpretations are not contradictory but complementary. They express a
same phenomenon but from different points of view, in different reference frames
depending on the situation of the observer.

One appreciates the paradox: a vehicle can be submitted to a free fall movement
in a gravitational field, giving the passengers the impression that this gravitational
field does not exist. To overcome gravity, do not resist it!

5 Free Fall Trajectories

So far, we have only considered the free fall motion along the descending vertical.
How to explain weightlessness on board space vehicles in orbit around the Earth?

The notion of free fall can be generalized as follows:

A body which is only subjected to the action of a gravitational field is in free
fall.

The resultant of all forces other than gravity acting on the body (lift cabin, aircraft,
spacecraft, satellite, …) must be null, i.e. there is no aerodynamic drag, nor engine
thrust, nor any disturbing forces.

In this generalization, the notion of free fall should not be understood as the simple
downward undisturbed fall movement, but as any movement which is only due to
the action of a gravitational field.

Generally speaking, the trajectory of a body moving in a uniform gravitational
field and without any other force (no air drag, no engine thrust, etc.) is called ballistic
and its shape is a conic (ellipse, circle, parabola or hyperbola) or a degenerated conic
(straight line), solution of movement second degree equations. The type of trajectory
depends only on the initial velocity (expressed in an inertial geocentric reference
frame), at the moment when the action of all forces other than gravity stops, in
particular propulsion at the time of the initial impulsion. Figure 8 shows some free
fall trajectories.

If the initial velocity is null or directed downward, the free fall trajectory is the
descending vertical.

If the initial velocity is directed upward (and smaller than escape velocity, approx-
imately 11.2 km/s on Earth, see Appendix 7), the free fall trajectory is the ascending
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Fig. 8 Some free fall trajectories, depending on initial velocity v0: a descending vertical for v0 = 0;
b ascending vertical for v0 vertical upward and 0 < v0 < 11.2 km/s; c parabolic for v0 inclined on the
horizontal and 0 < v0 < 11.2 km/s; d circular orbit for v0 ≈ 8 km/s and horizontal v0 (perpendicular
to the straight line between the inertia centres of Earth and the object in orbit); e hyperbolic orbit
for v0 > 11.2 km/s

vertical until the moment when all the kinetic energy has been transformed into
potential energy, after which the trajectory becomes again the descending vertical.

For a non-null initial velocity and smaller than escape velocity andwhose direction
is different from vertical, the body describes a ballistic trajectory before falling
back on ground. This ballistic trajectory is a small arc of a very flat ellipse having
Earth’s centre at one of its foci. In first approximation (where one considers a parallel
gravitational field instead of radial, i.e. in a region of space sufficiently small for
the approximation to be acceptable), one can show that the ballistic trajectory is a
parabola (see Appendix 7).

If air drag can be neglected (i.e. if we are sufficiently high) and if one gives
a larger initial velocity to a body along the local horizontal (i.e. along a direction
perpendicular to the radius between the inertia centres of Earth and of the body), the
free fall trajectory is circular or elliptic, typical of satellites orbiting Earth. A satellite
in orbit is also in free fall around the Earth, but because its sufficiently large velocity
(in the order of 28 000 km/h, or approximately 8 km/s) along the perpendicular to the
local Earth’s radius, the satellite does not fall back directly on Earth but continues
to move around the Earth. One needs of course to go up to several hundreds of
kilometres above Earth’s surface for the atmospheric drag to be really negligible.
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Let us increase the initial impulsion in giving a larger initial velocity and there
goes our body in free fall on a parabolic or hyperbolic orbit that would move it away
from Earth for ever.

One can thus generalize our statement and say that:

For a body moving in a gravitational field, if the resultant of all non-
gravitational forces applied to the body is null, this body and all its content
are in free fall in an inertial reference frame and in a state of weightlessness
in a non-inertial reference frame attached to the body.

Appendix 8 develops in more details which part of the body exactly is in weight-
lessness.

6 Free Fall in the Universe

So far, we have only considered Earth’s gravitational field. If one considers gravi-
tational fields of other planets and celestial bodies, trajectories can be modified, but
the state of free fall remains as long as the body is only submitted to the action of
the superposition of all gravitational fields.

This yields also that all spacecraft are in free fall state on their trajectory as long
as their propulsion or attitude engines are not functioning and that there are no other
perturbing forces. Planets, asteroids, and all celestial bodies whose movement is
only caused by gravitation are also in free fall as they are only submitted to the
gravitational attraction of the Sun and other planets and bodies.

Let us take the example of a spacecraft like Voyager on its way to planet Jupiter.
The spacecraft is not continuously propelled, and as long as there are no other forces
than gravity, Voyager is in free fall in space and all its components are in weightless-
ness inside the spacecraft.

On the way, its trajectory is modified and the spacecraft describes an abrupt turn,
as illustrated in Fig. 9.

Let us consider two possible causes:

(1) In the first case, NASA technicians have ignited remotely a propulsion engine.
Weightlessness stops immediately in the spacecraft as a non-gravitational force
appears that induces an acceleration to the probe.

(2) In the second case, Voyager come close to an asteroid and its trajectory is
modified in the same way. However, as there are no non-gravitational forces,
only the action of the asteroid gravitational field the craft remains in free fall
and the state of weightlessness persists inside the probe.

Surprising at first sight: effects apparently similar but caused differently yield
radically opposite consequences. In the first case, a passenger in an interplanetary
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Fig. 9 The trajectory of an interplanetary probe curves because of (1) an engine switching on,
then weightlessness ceases in the probe (left), or (2) proximity of an asteroid, then weightlessness
persists in the probe (right). (Credit: P. E. Paulis)

vehicle would be squashed on its seat; in the second case, the passenger would
continue to float freely.

A last example: near a black hole, the gravitational attraction is immense, quasi
infinite. A neutral particle attracted gravitationally by the black hole and that is sub-
jected to no other force is also in free fall. This example is of course very approximate
as, according the back hole theory, no particle can stay neutral, and forces other than
gravitational and relativistic effects cannot be neglected.

One understands that in the universe, free fall is the general rule and gravity
(weightiness) the exception as it is encountered only at the surface of a celestial
body or during an interaction with a force other than gravity. Let us generalize once
more our statement

If a body is moving in a gravitational field resulting from the superposi-
tion of attractions of other celestial bodies and the resultant of external non-
gravitational forces applied to the body is null, this body and all its content
are in free fall in an inertial reference frame and in a state of weightlessness
in a non-inertial reference frame attached to the body.

Unfortunately, this simple notion is not often understood, even sometimes by
eminent scientists. In Appendix 9, we refute some incorrect ideas that unfortunately
are persistent.
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Conclusion of the Second Chapter

We can now answer the question asked in the title of this second chapter. No, weight-
lessness is not without gravity as it is the cause of the free fall, sine qua non condition
of weightlessness. In the third chapter, we answer to another question: should one
weigh on microgravity?

Appendix 7: Ballistic Movement and Escape Velocity

A body thrown upwards with an initial velocity inclined on the horizontal describes
a certain trajectory and falls back on Earth. One shows simply that this trajectory is
parabolic if:

• the travelled horizontal distance is sufficiently small in front of the curvature
radius of Earth’s surface for the gravitational field (more precisely the gravity
(weightiness) field) to be approximated by a parallel field, i.e. the direction of the
vectorial acceleration g stays parallel to itself in all points of the trajectory; and

• the travelled vertical distance is sufficiently small in front of Earth’s radius to
consider that the gravitational field is uniform, i.e. that the magnitude of the accel-
eration g varies in a negligible way.

After the initial impulsion, if air drag is neglected, the only force that acts on the
body is its own weight coming from the phenomenon of gravity (weightiness).

As the ballistic movement is described in a vertical plane that includes the whole
of the trajectory, one chooses a local reference frame such that its origin is at the
injection point (the point where the initial impulsion stops), the X axis horizontal, the
Z axis along the ascending local vertical and the Y axis perpendicular to the vertical
plane formed by the X and Z axes.

Projecting on the horizontal X and vertical Z axes the constant initial velocity v0
making an angle θ with horizontal (see Fig. 10), one obtains a constant horizontal
velocity vx and a vertical velocity vz function of time t:

vx � v0.cosθ � constant (A7.1)

vz � v0.sinθ − g.t (A7.2)

Integrating velocities with respect to time, one obtains the components along the
X and Z axes of the body position:

x (t) � v0. cos θ.t (A7.3)

z (t) � v0. sin θ.t − g.t2

2
(A7.4)
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Fig. 10 Ballistic parabolic trajectory in a gravitational field considered as uniform

(where integration constants are null because of the choice of the local reference
frame). Eliminating time between (A7.3) and (A7.4) yields the equation of the
parabola shaped trajectory:

z (x) � − g

2v20 .cos
2θ

.x2 + x .tgθ (A7.5)

The total duration T of the movement on the parabolic trajectory corresponds to
the non-zero value of t in the second-degree Eq. (A7.4) in t2 after posing z = 0 (i.e.
when the parabola intersects again the X axis):

T � 2v0. sin θ

g
(A7.6)

As the parabolic trajectory is symmetrical, the trajectory maximum height h is
reached for t � T

2 in Eq. (A7.4), yielding

h � v20.sin
2θ

2g
(A7.7)

The distance d travelled horizontally during the parabola is found fromEq. (A7.3)
by replacing t by T , yielding

d � v20 . sin 2θ

g
(A7.8)

and is maximum for θ = 45°.
These equations define the ballistic movement, i.e. unpropelled. Let us note that

the duration, the horizontal distance and the maximum height of this ballistic move-
ment are independent from the body mass.
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Fig. 11 Flight profile of the Airbus A310 ZERO-G during a parabolic flight: (1) starting from
steady horizontal flight at an altitude of approximately 6100 m, the aircraft climbs for about 20 s
with accelerations between 1.8 and 2 g; this phase is called the pull-up; (2) when the climbing angle
reaches 50° at an altitude of approximately 7600 m, the pilots strongly reduce all engine thrust
for about 20–25 s, keeping enough thrust to balance the air drag; the sum of all forces other than
gravity is null, the aircraft is in a parabolic ballistic free fall; (3) when the diving angle reaches 42°
below the horizontal, it is time for the pilots to increase again all engine thrust to dive downward
accelerating around 1.8 g for approximately 20 s, to come back to a steady horizontal flight; this
phase is called the pull-out. (Credit: Novespace)

A football or a rugby ball thrown by hand with an angle of 45° and an initial
velocity of 20 m/s travels a horizontal distance of approximately 40 m. The Airbus
A310 ‘ZERO-G’ (see Fig. 11) initiating a parabolic trajectory with an initial velocity
of 500 km/h inclined by 50° on the horizontal describes a parabola of 21.7 s duration,
travels a horizontal distance of 1936 m and climbs approximately 580 m above the
altitude of the parabola injection.

One can also verify that this parabola is actually an arc of ellipse, but the approx-
imation committed is so small (in the order of 10−4, see Ref. 25) that it is perfectly
acceptable.

If one throws upward a body from ground with a vertical initial velocity v0 (θ =
90°), the maximum height reached is

hmax � v20
2g

(A7.9)

before falling back to Earth. However, beyond a certain initial velocity, the body
does not fall back anymore on Earth. The limit initial velocity beyond which the
body escape from the planet gravitational attraction is called escape velocity (or first
cosmic velocity in the Russian literature).

It can be calculated easily by finding the work required to fight against the gravi-
tational attraction and kinetic and potential energies.
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To move against the force of gravity a body initially on Earth’s surface of an
elementary vertical distance dr, one must expand an elementary work dW

dW � Fgrdr � G.ME .m

r2
dr (A7.10)

that is transformed in potential energy. The maximum potential energy is equivalent
to the total work expanded to bring the body from Earth’s surface to an infinite
distance for the body to escape terrestrial gravitational attraction (if one neglects the
influence of all other masses in the Universe):

Epot � Wpot � ∞∫
rE
Fgrdr � ∞∫

rE

G.ME .m

r2
dr � G.ME .m

rE
(A7.11)

On the other hand, a velocity v induces a kinetic energy in a body of mass m

Ecin � m . v2

2
(A7.12)

The escape velocity vesc is the initial velocity necessary to give the kinetic energy
to the body to attain the state of maximum potential energy. In other words, the
escape velocity must give the body a sufficiently large kinetic energy to balance the
potential energy due to Earth’s gravitational attraction.

If one neglects the dissipation of kinetic energy in heat by friction in the atmo-
sphere, this velocity is calculated by the total energy conservation between the initial
state (where kinetic and potential energies are respectively maximum and null) and
the final state (where kinetic and potential energies are respectively null and maxi-
mum), yielding:

m.v2esc
2

� G.ME .m

rE
(A7.13)

or with relation (5) ggr � G.ME
r2 (see Chapter 1) of gravity acceleration at Earth’s

surface

vesc �
√
2G.ME

rE
� √

2ggrrE (A7.14)

At Earth’s surface, the escape velocity is

vesc E � 11186 m/s ≈ 11.2 km/s (A7.15)

The interplanetary spacecraft have initial velocities greater than this value when
leaving the low Earth orbit.

https://doi.org/10.1007/978-981-10-8696-0_1
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Appendix 8: Perturbations Inside a Satellite

Let us consider the ideal case of a satellite having a spherical shape and mass dis-
tribution, such as its inertia centre is at the satellite geometrical centre. In its orbital
movement around the Earth, it is the inertia centre that describes the circular or
elliptical free fall orbital trajectory. An object inside the satellite located at a certain
distance from the satellite’s inertia centre is subject to a small perturbation force
due to this distance. The order of magnitude of this force can be calculated with the
following hypotheses:

• Earth is spherical of massME ;
• the satellite has a mass mS negligible compared to Earth’s mass;
• the satellite orbit is circular and external perturbation forces (such as e.g. atmo-
spheric drag) are negligible;

• the satellite presents always the same side to Earth, i.e. the satellite performs a
complete rotation on itself while it describes a revolution around Earth (the two
angular velocity vectors of orbital revolution and satellite’s rotation are parallel
and have the same magnitude).

One considers the two following reference frames (see Fig. 12):

• a celestial geocentric reference frame RE whose origin is at Earths’ centre O and
that one supposes inertial, in which the satellite movement is expressed;

• a reference frame RS whose origin is at the satellite inertia centre C and axes are
fixed with respect to the satellite, one of them being along the radius vector from

Fig. 12 Forces applied to an object located in P away from the inertia centre C of a spherical
satellite on a circular orbit around a spherical Earth. The celestial geocentric reference frame RE is
inertial; the reference frame RS attached to the satellite inertia centre is non-inertial
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Earth’s to satellite’s centres. As the satellite always shows the same side to Earth, in
its orbital movement, the satellite remains immobile in this reference frame. This
reference frame RS is non-inertial as it is in rotation with respect to the geocentric
reference frame RE and one describes the movement of an object in the satellite
with respect to this reference frame RS .

In the inertial reference frame RE , the only force that acts on the satellite is Earth’s
gravitational attraction; there are no other forces, in particular no centrifugal inertia
force. In the satellite reference frame RS , two forces act on all points of the satellite,
in particular on the satellite inertia centre C:

(1) the gravity force due to Earth gravitational attraction

�Fgr � −G.ME .mS

r2oc
.

( �roc
roc

)
(A8.1)

(2) the centrifugal inertia force due to the satellite orbital movement

�Fin � mS.ω
2
orb.�roc (A8.2)

where ωorb is the satellite orbital angular velocity.

These two forces are equal in magnitude but of opposite direction. One deduces
easily the expression of the orbital angular velocity:

ωorb �
√
G.ME

r3oc
(A8.3)

Consider an object of mass mp released without initial velocity from a point P
inside the satellite and in the same orbital plane as the satellite inertia centre C.
In the inertial reference frame RE , the only force that acts on the object is Earth’s
gravitational attraction (one neglects the attraction due to the satellite mass) and there
is no centrifugal inertia force. In the reference frame RS attached to the satellite, the
following forces are acting:

(1) Earth’s gravitational force

�Fgr � −G.ME .mp

r2op
.

( �rop
rop

)
(A8.4)

(2) the centrifugal inertia force due to two rotation movements, the whole satellite
orbital revolution movement and the satellite rotation on itself. This force reads

−→
F in � mp . ω2

orb .
−→r oc + mp . ω2

rot .
−→r pc (A8.5)

As the satellite always shows the same side to Earth, its rotation velocity is equal
to the satellite orbital velocity:
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ωrot � ωorb (A8.6)

In the reference frame RS attached to the satellite, the resultant of the two forces
given in (A8.4) and (A8.5) is no longer exactly null and a small perturbing inertia
force �Fp exists due to the distance CP of the object from the satellite inertia centre.
The norm of this force is with a good approximation

Fp ≈ 3
G.ME .mp

r3oc
.rcp � 3

G.ME .mp

r2oc
.

(
rcp
roc

)
(A8.7)

It can be understood as the gravity force applied to the object mass mp placed at
the satellite inertia centre C, corrected by a factor equals to three times the ratio of
the distance rcp of the object in P to the satellite inertia centre C and the distance
roc of this inertia centre C to Earth’s centre. The object, as soon released from a
point connected to the satellite (therefore moving before the release at the satellite
orbital angular velocity ωorb) starts to describe its own orbit around Earth inside the
satellite. Seen from the satellite inertia centre, the object drifts slowly until it touches
a satellite wall.

For an orbit at 500 km altitude, an object inside a satellite is subjected to a parasitic
acceleration of 4 × 10−6 m/s2 per metre of distance.

The cases of non-rotating non-spherical satellites are treated similarly, but with
a more complicated formalism. The magnitude orders of perturbations however are
similar.

Appendix 9: Incorrect Ideas About Weightlessness

We correct here some incorrect or approximative ideas on weightlessness and its
causes, but that are unfortunately very common andwidespread. The informed reader
will understand that these clarifications are necessary. Indeed, it is important to not
only say what weightlessness is, but also what it is not. Experience shows that some
of these incorrect ideas die hard.

1 Weightlessness is not Due to the Nulling or Disappearance
of Gravitation

One never insists enough on this point: the disappearance of gravitation or gravity
is impossible. The only theoretical cases (fortunately!) are the simultaneous nulling
of all masses in the universe, or being at an infinite distance of all masses in the
Universe, both being physically meaningless.
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2 Weightlessness is not Due to Absence of Atmosphere

Evacuating a closed volumewould notmean that a proofmass released in this volume
would not fall anymore. To the contrary, it would fall even more easily and slightly
faster as there is no longer air friction.

3 Weightlessness is not Due to a Large Distance Away from
Earth or Any Other Mass

Weightlessness is currently generated on Earth. It is sufficient to put oneself in a
state of free fall. Jump two steps from the staircase and, for a fraction of seconds,
you are in a state of weightlessness (if air friction is neglected). Being away from all
masses in the universe is of course impossible. This incorrect idea is close to the one
of nulling gravitation: “if you are far enough from all attractive masses, you do not
feel the attraction anymore or very little”. This is wrong of course: the diminishing
of the force of gravity does not cause weightlessness. To the contrary, it is because
the masses in the Universe that gravitation exists and that free fall can exist. The state
of free fall is a dynamic phenomenon: the body must be in motion in a gravitational
field. It does not help to try to get away from gravity. To the contrary, one must
abandon oneself to it.

4 Weightlessness is not Due to a Very High Velocity

This idea is probably caused by an analogy with an airplane at take-off that must
reach a certain speed to be airborne and to be able to fly freely in the air. If it is true that
sustentation or lift of an airplane is a function of velocity by Bernoulli’s principle, it
has nothing to do with weightlessness. Moreover, the high orbital velocities of satel-
lites in orbit around Earth (approximatively 28 000 km/h or 8 km/s) can contribute
to the confusion. Let us recall that weightlessness is immediately achieved even with
a null initial velocity. An object is directly in free fall as soon as it is released from
the hand and therefore, in a weightless state in its own reference frame.

5 Weightlessness is not Only Obtained at a Point of Equal
Attraction Between Two Masses

This idea very unfortunately was popularized by the French Author Jules Verne in
his book “Around the Moon”. He describes weightlessness as the state that only lasts
the instant of passage to the point of equal gravitational attraction between Earth and
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the Moon. If it is exact that weightlessness does exist when passing by this point
(if there are no other non-gravitational forces), it also exists at every moment of the
unpropelled ballistic flight between Earth and Moon, as demonstrated by the Apollo
Moon missions.

6 Weightlessness is not Simply Due to a Balance Between
Gravity and Centrifugal Forces

Here, the situation is more delicate and one must be careful. The statement, often
made as is, of the simple balance between two forces, one directed “inside” the
movement, the other one directed “outward” of the movement, is incorrect because
incomplete. The reference frame in which this statement is made is not specified and
it makes it wrong. In a reference frame attached to the body in free fall, the statement
is correct as the reference frame is non-inertial: inertia forces therefore exist in this
reference frame to balance the gravity force. In an external reference frame, that can
be considered as inertial most of the time, the statement is wrong because there are
no inertia forces, and the body only falls freely due solely to the force of gravity (if
there are no perturbing forces).

Let us mention as well that there is no way to recreate weightlessness in cen-
trifuges (by making them turn “the other way around” for example). Weightlessness
can be simulated on Earth by certain methods that will be described in Chapter 3.
Weightlessness can also be created on ground, but always following the principle of
free fall, as it will be explained in Chapter 3.
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Chapter 3
Weighing in on Microgravity?

Introduction to the Third Chapter

In the first chapter, the notions of inertia forces and inertial and non-inertial refer-
ence frames (respectively without and with inertia forces) were introduced. Gravity
(weightiness) was defined as the phenomenon resulting from gravitation and inertia.
In the second chapter, we saw that a body submitted to the only force of gravity is
in free fall in an external inertial reference frame and in weightlessness in its own
non-inertial reference frame.

In this chapter, microgravity is defined in Sect. 7. Section 8 presents methods
and means used to create microgravity are presented, and the advantages of this
environment are described in Sect. 9, with an example of application addressed in
Appendix.

7 Microgravity

Practically, perfect weightlessness is impossible to realize in a free-falling vehicle.
The reasons for this are simple in their principle but complex to evaluate. Simply
said, there always remain some little parasitic forces creating residual accelerations.
These parasitic forces can be classified in two categories: the non-gravitational forces
“external” to the vehicle, whose resultant is not null; and the “internal” forces for
which inertia forces do not compensate exactly gravity. Appendix 8 presents some
of these perturbing forces.

The terms of weightlessness, null gravity (weightiness) or zero gravity (weighti-
ness) designate an idealized state that cannot be obtained. One talks about reduced
gravity (weightiness) or micro-gravity (weightiness), to be taken in its etymological
sense of the prefix micro- (from Greek mikros, small) and not in its usual technical
sense, millionth. As already indicated previously, the language abuse consisting of
replacing gravity (weightiness) by gravity unfortunately is widespread. One often
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finds the terms of null gravity, zero gravity, reduced gravity and microgravity. This
last term is now consecrated to designate micro-gravity (weightiness). To follow
the usage common to the domain specialists, we will from now onwards commit
the language abuse of talking about gravity (and its derivative, microgravity and
hypergravity) while it is gravity (weightiness) that we really mean.

Note as well that microgravity does not refer to the gravitational attraction of
another body than Earth, having a small mass with respect to Earth’s, but close to
the location considered in microgravity, e.g. the mass of an orbital vehicle in which
an experiment is conducted.

One specifies the “quality” of the obtained microgravity by the magnitude of the
residual acceleration, most commonly expressed as a fraction of gw, the average
acceleration of gravity (weightiness) on Earth (the subscript w in gw will be dropped
from now onwards). In the next section, we describe the methods used to create
microgravity. To fix orders of magnitude, one obtains residual accelerations in the
order of 10−6 g (a millionth of the gravity acceleration) in drop towers and from 10−2

to 10−4 g (a hundredth to a ten thousandth of g) in the International Space Station
(ISS) in orbit between 400 and 450 km altitude.

Other important factors quantify the “quality” of obtained microgravity.
Firstly, a parameter that intervenes as soon as one talks about accelerations is the

frequencywith which residual accelerations are applied i.e. in case the acceleration is
not constant and intermittent only, the frequency is the number of times the acceler-
ation changes per second. One specifies the acceptable level of residual acceleration
in fraction of g in function of frequency ranges to which the observed phenomena
are sensitive. One tries as far as possible to eliminate too important residual acceler-
ations by isolating experiment equipment. Generally speaking, most of experiments
are less sensitive to high frequencies (above 10 Hz) than to low frequencies (less
than 1 Hz).

Another parameter characterizing microgravity is the duration during which the
state of quasi-weightlessness is established; it depends on the chosen vehicle and on
the environment in which it falls freely. Duration goes from a few seconds in drop
towers to several years on board a space station.

The available volume for the experiment equipment and the type of interaction to
make it functioning are two other important parameters. One distinguishes between
an indirect interaction mode, either automatic or remotely operated, and a direct
interaction mode by on board human operators. Furthermore, data can be either
recorded on board and transmitted later, or directly transmitted allowing a quasi-
immediate remote interaction.

The last important parameter is the economic aspect: the cubicmetre of experiment
costs more to launch in orbit than to fly in a laboratory-aircraft.
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8 The Means of Microgravity Creation

All the means to create microgravity are based on the principle of free fall; any
other method will not result in a real microgravity environment but in a simulated
microgravity environment. Microgravity is created in a non-inertial reference frame
attached to a vehicle in free fall, on which the resultant of forces other than gravity
is null or negligible. The means of microgravity creation are defined here after in
function of the described trajectories.

1 Vertical Free Fall Trajectories

Vertical free fall trajectories are obtained in free fall facilities. There are three types
of facilities: drop tubes, drop towers and atmospheric capsules.

A drop tube is a vertical tube in which a capsule containing experimental equip-
ment can fall freely. Three systems can be used to overcome air resistance or atmo-
spheric drag:

• either evacuate the tube or tower;
• or slightly accelerate downward the capsule by a propulsion rocket;
• or protect the capsule by a shield placed at a certain distance from the capsule at
the beginning of the fall and released simultaneously with the capsule.

The level of microgravity obtained in the drop tube of NASA Marshall Centre of
105 m high and 25 cm diameter, is in the order of 10−6 g during 4.6 s in a vacuum
of 10−9 bar (a billionth of the normal atmospheric pressure).

Drop towers are used for more massive capsules. In Europe, the ZARM drop
tower in Bremen, Germany, (see Fig. 13) is 110 m high with a diameter of 3.5 m.

In this tower, experimental equipment up to 170 kg (see Fig. 14), falling during
4.7 s in a vacuum of 10−5 bar, can attain microgravity levels of 10−5 g. The micro-
gravity duration can be doubled up to 9.5 s by launching the experiment capsule in a
catapult mode from the bottom of the tower upward, falling freely first upward and
then downward.

The National Microgravity Laboratory of the Chinese Academy of Sciences uses
since 2003 an 83 m high drop tower in Beijing (see Fig. 15). Two kinds of capsules
are used, either a single drop capsule or a double capsule, the outer one acting as
a shield for an inner capsule in vacuum. These capsules can fall freely for 61 m
providing 3.5 s of microgravity levels of respectively 10−3 g and 10−4 g.

Despite the very low residual acceleration levels, limitations in size and duration
render the use of drop towers and tubes interesting only for specific applications or
investigations of short duration phenomena.
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Fig. 13 The ZARM Drop Tower in Bremen, Germany. The 146 m high building protects the free
fall facility from atmospheric perturbation and wind. Microgravity levels of 10−5 g are obtained
during 4.7 s in drop mode and 9.5 s in catapult mode. (Photo: ZARM)

Fig. 14 The experimental capsule of 81 cm diameter and 1.85 m high, lifted to the ZARM tower
top. The capsule aerodynamic profile and the fall in vacuum of 10−5 bar allow to minimize to the
extreme the atmospheric friction. The decelerating container of 8 m high, filled with polystyrene
balls, is seen to the left. (Photo: ZARM)

The third type of free fall facility is a system that was developed in Germany,
under the name of “Mikroba”, where the experimental capsule shaped as a rocket is
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Fig. 15 The Drop Tower of
the National Microgravity
Laboratory of the Chinese
Academy of Sciences in
Beijing, China, provides a
61 m free fall yielding 3.5 s
of 10−3–10−4 g
environment. (Photo:
NML-CAS)

uplifted by an atmospheric balloon up to an altitude of several tens of kilometres and
released remotely. A rocket engine gives a downward propulsion increasing with the
density of the atmosphere layers encountered during the fall, yielding a level of 10−3

g during 60 s. Although 17 km are sufficient for a free fall of 60 s, a large part of the
trajectory is used for deceleration. Furthermore, it is important that free falls take
place in an as quiet as possible atmosphere. This system however was abandoned
more than twenty years ago for economic reasons.
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2 Parabolic Free Fall Trajectories

Parabolic free fall trajectories are described by laboratory aircraft and sounding
rockets.

Aircraft parabolic flights allow to obtain microgravity levels in the order of
10−2–10−3 g, with the additional advantage of having on board human operators
who can intervene directly in the experiment performance during the microgravity
phase (see Fig. 16).

The volume in which the microgravity is created for performing experiments is
as large as the aircraft cabin.

The microgravity duration depends on the initial velocity of the aircraft at the
beginning of the ballistic phase. Typical duration values are between 20 and 25 s for
the NASADC-9, the Russian Ilyushin IL-76 MDK and the CNES/ESA/DLR Airbus
A310 ZERO-G (see Fig. 17) and previously NASA KC-135 and the CNES/ESA
Airbus A300 and Caravelle airplanes.

Sounding rockets flights, for which microgravity levels are in the order of
10−4–10−5 g, are used for automated or remotely operated experiments with rel-
atively reduced volumes. There are four types of sounding rockets used in Europe
(see Fig. 18): Mini-TEXUS, TEXUS, MASER and MAXUS, and yield micrograv-
ity durations between 3 and 13 min. The Programme MAXUS has been presently

Fig. 16 During a parabolic flight on board the Airbus A300 ZERO-G during an ESA campaign,
several experimental racks are visible to the left and the back while the author floats freely “upside
down”. These is no “up” and “down” in weightlessness. (Photo: ESA)
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Fig. 17 The Airbus A310 ZERO-G during the pull-up. (Photo: Novespace—Eric
Magnan/Airborne Films)

Fig. 18 Flight profiles of MAXUS, MASER, TEXUS and Mini-TEXUS sounding rockets used
for microgravity experiments. Launch takes place typically from Kiruna in North of Sweden. The
propelled flight lasts several minutes up to shown altitudes (higher than ISS for MAXUS) until
separation of the propulsion and the experiment carryingmodules. The ballistic phase above Earth’s
atmosphere lasts typically 3 min for Mini-TEXUS, 6 min for TEXUS and MASER and 13 min for
MAXUS. Experiment performance is followed from ground by data and video signals telemetry.
During reentry, the experiment stage is braked by a parachute. After soft landing, the payload is
recovered and returned by helicopter within the hour to scientists at the launch base. (Credit: ESA)
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Fig. 19 Three suborbital facilities in development: (left) the New Shephard capsule with a reusable
rocket (Credit: Blue Origin); (middle) the WhiteKnightTwo airplane carrying the SpaceShipTwo
spaceplane (Photo: Virgin Galactic); (right) the Lynx spaceplane (Credit: XCOR)

discontinued for economic reasons. The REXUS and Mapheus sounding rockets,
similar to Mini-TEXUS, are used for student experiments and provide microgravity
for 3 min.

In the USA, several programs of sounding rockets exist, some for micrograv-
ity research and other for atmospheric sounding, astrophysics or general physics
research. The Spaceloft XL, launched from Southern New Mexico, provides micro-
gravity for 4 min. RockSat-X is a programme for students using NASA Terrier-
Malemute rockets. In Brazil, the VSB-30 rocket provides microgravity for 6 min.
TheAustralian Space Research Institute Ltd. uses Zuni rockets for educational inves-
tigations with microgravity duration of 2–3 min.

In a near future, suborbital flights will provide microgravity duration in the order
of 3 min for paying customers, but also for microgravity experiments. There are
typically three US companies that are working on suborbital vehicles (see Fig. 19):
Blue Origin with the New Shephard capsule and a reusable rocket; Virgin Galactic
and the SpaceShipTwo spaceplane carried by the WhiteKnightTwo airplane carrier;
and XCORAerospace with its Lynx spaceplane (this programme is presently on hold
for an undefined duration).

These three systems would carry passengers and experiments up to an altitude
of 100 km in a propelled mode and continue in a ballistic mode for approximately
3 min after propulsion has stopped.

3 Circular and Elliptic Orbital Free Fall Trajectories

Circular and elliptic trajectories are realized in orbit around the Earth. Manned
orbital platforms provide microgravity periods of several years for the International
Space Station (ISS), with its first element launched in 1998 and assembly completed
in 2011 (see Fig. 20), and the future Chinese Space Station foreseen to be assembled
in orbit in 2022 (see Fig. 21). Residual accelerations are in the order of 10−2–10−4 g,
depending on internal perturbations (e.g. crew movements, see Fig. 22) and external
ones (non-gravitational forces, see Appendix 10).
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Fig. 20 The International Space Station (ISS) is the first major international project that includes
14 countries in its realization: USA, Russia, Canada, Japan and ten European countries: France,
Germany, Italy, Belgium, The Netherlands, Spain, Sweden, Switzerland, Denmark and Norway.
Other countries have also participated with some experiments on the ISS. With a total mass of
440 Tons (but weighing 0 kg…), the ISS is in low-Earth orbit between 400 and 450 km altitude
at 51.6º inclination. Several vehicles were used to assemble it between 1998 and 2011: NASA
Space Shuttle, Russian Proton launchers with Soyuz and Progress vehicles, Ariane 5 rockets with
ESA Automated Transfer Vehicle, Japanese H2 rockets, and commercial Space-X Dragon and
Orbital Cygnus vehicles. Simply said, the ISS consists of three parts: (1) the structure: a central
beam of 100 m long supporting 16 solar panels of approximately 40 m long each and a series
of accordion-like radiators; (2) the modules: from top, two Russian modules, Zarya and Zvezda
(meaning respectively Dawn and Star) connected to a Node 1 called Unity, to which is connected
the US Laboratory Destiny, to which is attached the Node 2 Harmony, connecting the European
ColumbusLaboratory (to the left) and the JapanesemoduleKibo (meaningHope, to the right); (3) the
vehicles: Soyuz, carrying astronauts and cosmonauts, and various automated cargo vehicles carrying
resources (food, water, instruments, tools, …). Since November 2000, the Station is inhabited by
permanent international crews. (Photo: NASA)

Automatic orbital platforms, as e.g. Russian satellites Foton (see Fig. 23) and
Bion, and Chinese satellites of the Shin Jian series (meaning “Practice” in Chinese
Mandarin, see Fig. 24), provide excellent microgravity levels in the order of 10−5 g
for several weeks or months.
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Fig. 21 TheChinese Space Station foreseen to be launched and assembled in the coming years with
an assembly completed for 2022. From left, the Tianzhou (meaning “Heavenly Vessel” in Chinese
Mandarin) cargo freighter docked to the Tianhe (“Harmony of the Heavens”) core module in the
centre; a piloted Shenzhou (“Divine Vessel”) vehicle is connected to a node in front of Tianhe,
to which are connected two scientific modules, Wentian (“Quest for the Heavens”, at right) and
Mengtian (“Dreaming of the Heavens”, left). (Credit: CMSA)

Fig. 22 ESA astronaut Luca Parmitano installing the FASES experiment in the Fluid Science
Laboratory in the European Columbus Laboratory on the ISS in June 2013. (Photo: ESA)
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Fig. 23 On a low Earth orbit at approximately 300 km altitude and 62.8° inclination for 12 days
in September 2007, the Foton M3 capsule carried a 400 kg European experiment payload with
experiments in fluid physics, biology, crystal growth, radiation exposure and exobiology. (Credit:
ESA)

Fig. 24 The Chinese Shi Jian-10 (“Practice”) microgravity science satellite allowed to perform
twenty microgravity experiments during a 13-day mission in orbit in April 2016, after which the
Entry Module of the satellite separated and re-entered the atmosphere to be recovered on ground,
while the Orbital Module continued orbiting until July 2016 to complete fluid physics experiments
that did not need to be recovered. With a total mass of 3 600 kg, including a 600 kg payload mass,
the Shi Jian-10 spacecraft orbited Earth at approximately 350 km with an orbit inclination of 42.9°.
(Credit: NSSC/CAS)
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4 Comparison of Different Means

Space missions of orbital platforms and of sounding rockets require a long prepara-
tion, typically of several years and should be considered for experiments that need a
long exposition duration to microgravity (see Fig. 25). The relatively short prepara-
tion time for the use of drop tubes and towers andof aircraft parabolic flights (typically
of few days to few months) render them particularly attractive for short duration
experiments of a few seconds. The utilization of these experimental platforms of
earthbound microgravity must be considered as preparatory and complementary to
space missions.

Table 3 and Fig. 26 summarize the comparison between the different vehicles in
which microgravity is created. In Table 3, the working volume refers to an average
volume for experimental equipment and indirect human interaction implies the use
of telecommands.

Let us insist on the fact that these means do not simulate microgravity, but that
they really create microgravity, even if it is not always perfect, as all these means
are in free fall. Appendix 11 gives several methods used to simulate a microgravity
environment, but without really creating it.

Fig. 25 Two typical examples of experiments needing several hours exposition to microgravity.
(Left) A fluid physics experiment performed with the Advanced Fluid Physics Module during the
Spacelab D2 mission in 1993, during which a liquid column of silicon oil was formed between
two circular discs of 3 cm diameter, one disc moving backward from an initial position close to
the other feeding disc from which the silicon oil was injected in the disc centre. The total length
column is 10 cm, close to the rupture theoretical limit of π times diameter (Photo: DLR). (Right)
Protein crystals obtained with ESA’s Advanced Protein Crystallization Facility during the Life and
Microgravity Spacelabmission onNASASpace Shuttle STS-98 inMay 1995. (Credit: Prof.Martial,
University of Liege, Belgium)
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Table 3 Typical characteristics of microgravity platforms

Microgravity
level (g)

Duration Working
volume (m3)

Human
interaction

Preparation
time

Drop tubes
and towers

10−5–10−6 Max. 5 s <1 Indirect Few days

Aircraft
parabolic
flights

10−2–10−3 20–25 s >10 Direct Few months

Sounding
rockets

10−4–10−5 5–7 min <1 Indirect 1–2 years

Orbital
stations

Manned 10−2–10−4 Several years >1 Direct Several years

Automatic ≈10−5 Several
months

>1 Indirect Several years

Fig. 26 Reduced gravity platforms accessible to microgravity researchers. (Credit: DLR)
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9 Interest of Microgravity

TheEarth’s environment is characterized by the constant presence of gravity andmost
of the phenomena studied on Earth are subjected to its action. This environment is so
much normal that one calls “natural” phenomena ensuing from gravity action. For
example, convection (themovement) of fluids, liquids or gases, caused by the upward
displacement of hotter zones or zones of lower concentration (therefore less dense)
and the downward displacement of cooler zones or zones with higher concentration
(therefore denser), is called “natural” convection.

Although physical and biological processes are often investigated in hypergravity,
e.g. in centrifuge, one knows less what happens in reduced gravity. However, in most
cases, one cannot extrapolate from results obtained in hypergravity to microgravity,
most of the phenomena being nonlinear in function of the gravity level. One observes
many more differences while passing from 1 to 0 g than between 5 and 4 g for
example.

Many scientific fields profit from the peculiarities of weightlessness to enlarge
their field of investigations.Material sciences, fluid physics and life sciences (biology
and physiology) were the first to use microgravity, followed later by many other
disciplines (combustion physico-chemistry, crystallography, fundamental physics,
critical point phenomena, etc.) in view of varying a new experimental parameter:
gravity.

Table 4 shows some of the scientific fields in which experiments were conducted
in microgravity.

Microgravity research allows to study the gravity effects on these different
phenomena and the effects of other forces normally masked by gravity on Earth.
Weightlessness became an experimental research tool that allows to transpose in
microgravity the investigation of phenomenon known on Earth but sometimes
insufficiently understood, in order to investigate the fundamental processes and to
understand their functioning without gravity.

Modifications appear when one studies matter behaviour in weightlessness.
One observes on one hand the disappearance of “natural” phenomena caused by
gravity, and on the other hand, the preponderance in microgravity of phenomena
that can hardly be observed in normal conditions of gravity. These modifications
are particularly important for certain physical, chemical and metallurgical processes
having at least one fluid phase: crystal growth, alloy solidification, separation of
biological substances, etc.

The main differences that are observed for fluid phases in weightlessness are as
follows.
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Table 4 Non-exhaustive list of research fields in microgravity

Physical sciences Life sciences

Fundamental physics Human research

Complex plasmas and dust particle physics
Aerosol particle motion
Frictional interaction of dust and gas
Plasma physics
Aggregation phenomena

Integrated physiology
Cardiovascular function
Respiratory function
Body fluid shift
Central venous pressure system
Digestive system
Muscle and bone physiology
Skeletal system
Blood lactate studies
Body mass tests
Human locomotion
Posture
Bone models
Neuroscience
Neurobiology
Vestibular functions
Spatial orientation
Motion sickness
Motor skills

Materials science

Thermophysical properties
Thermophysical properties of melts
New materials, products and processes
Morphological stability and Microstructures
Physical chemistry
Aggregation phenomena
Granular matter
Fluid and combustion physics

Structure and dynamics multiphase systems
Pool boiling
Heat and mass transfer
Dynamics of drops and bubbles
Thermophysical properties
Interfacial phenomena
Dynamics and stability of fluids
Evaporation
Complex dynamic systems
Diffusion
Foams
Chemo-hydrodynamic pattern formation
Combustion
Droplet and spray combustion
Soot concentration
Combustion synthesis
Laminar diffusion flames
Fuel droplet evaporation
Ignition behaviour

Biology

Plant physiology
Statolith movement
Gravitropism
Gravireceptors
Cell and developmental biology
Animal physiology
Ageing processes
Electrophysiological and morphological
properties of human cells
Osteoblast cells
Technology

ISS Experiment validation
Phase separation technologies for biological
fluids
Crew foot restraint
Crew exercise devices
Urine monitoring system

Technology

ISS Experiment validation
Metal halide lamps
Micro-acceleration measurement
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1 Disappearance of Separation Phenomena

Separation phenomena observed on Earth inmulti-phase systems that includes a fluid
phase disappear in microgravity. Sedimentation (precipitation of dissolved or sus-
pended matter) and Archimedean buoyant force (or buoyancy, i.e. the force due to a
liquid pressure on a body immersed volume) disappear. The advantage of absence of
separation inweightlessness iswith the possibility to obtainmixtures that are unstable
on Earth and material alloys impossible to obtain on Earth or with great difficulty. A
disadvantage of the absence of separation in weightlessness is the difficulty to elim-
inate the gaseous inclusions while on Earth, degassing is done “naturally” (gaseous
zones in liquid matrices go up to the free surface).

2 Disappearance of “Natural” Convection

“Natural” convection disappears in fluids in microgravity. There is no more natural
upward displacement of hot zones and downward displacement of cold zones. In
fact, there is no up and no down. Other forces become dominant for movements in
liquids in microgravity. These forces are linked to superficial or interfacial tension
between two liquids. Indeed, such an interface behaves as an elastic “membrane”
whose tension is a thermodynamic function of temperature (or concentration for
solutions), as shown in Fig. 27.

Fig. 27 Liquid/gas interface
submitted to a superficial
tension gradient, yielding a
Marangoni convection cell
caused by the physical
displacement of the interface
membrane from the hot side
(point 2) to the cold side
(point 1)



9 Interest of Microgravity 57

For an interface subjected to a temperature difference, superficial tension for most
liquids is generally smaller for the hot side than for the cold side. The interface, i.e.
the common layer formed by molecules of both fluids, physically moves parallelly
to itself from the hot side to the cold side; this membrane deforms itself and slides
from the hot side to the cold side. The liquid layers on both sides of the interface
are dragged along by viscosity and a new convection appears, called Marangoni
convection, after the name of the Italian physicist who studied this phenomenon at
the end of the 19th century. This phenomenon exists obviously also on Earth, but
as its effect is much smaller than those caused by gravity, it is in general negligible
and much more difficult to observe. Its study in microgravity allows thus to better
understand the fundamental characteristics of liquid behaviour.

Marangoni convection allows also to explain the movement of gas bubbles or
liquid drops in a liquid matrix heated on one side and cooled on the other side (see
Fig. 28). The curved gas/liquid (or liquid/liquid) interface between the bubble (or the

Fig. 28 Movement of a gas
bubble from the hot to the
cold side in a liquid matrix
submitted to a temperature
gradient, hot on top, cold at
bottom. (Credit: ESA)
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Fig. 29 Flames on ground in
1 g (left) and in microgravity
in near 0 g (right). Notice the
near-hemispherical shape of
the flame in microgravity
with the reddish-purple part
on top due to some
convection caused by small
perturbations in the
microgravity environment.
(Photo: NASA)

drop) and the liquid matrix behaves like the flat interface in the previous example:
it moves from the hot side toward the cold side on both sides of the bubble (or the
drop). The fluid layers inside the bubble (or the drop) are dragged along by viscosity
and are closing in a toroidal convection cell inside the bubble (or the drop). This
convection movement yields the displacement of the centre of the bubble (or the
drop) in the opposite direction than the one of the superficial layers’ displacement,
i.e. from the liquid matrix cold side toward the hot side.

It is also because the absence of “natural” convection that the shape of a combus-
tion flame is different in weightlessness. On Earth, gases produced by the chemical
reaction of combustion (of a candle wick for example), much hotter, rise and fresh air
oxygen migrate to the combustion centre to feed the combustion process. In micro-
gravity, hot gases have no reason to rise anymore and the flame is surrounded by a
hemispherical ball formed by combustion gases (see Fig. 29), limiting the amount
of fresh oxygen transfer.

Experiments of this kind in microgravity (among others, in parabolic flights) have
shown that oxygen arrives at the flame after all, but by diffusion through the burned
gases zone.

3 Disappearance of Hydrostatic Pressure

In microgravity, hydrostatic pressure disappears. On earth, it is responsible for the
tendency of fluids to deform under the effect of their own weight, a liquid zone
supporting the weight of zones on top. The same phenomenon exists for solids.
Structures can be built that would collapse under their own weight on Earth, e.g.
crystalline networks (see Fig. 25), or metallic structure like the International Space
station (see Fig. 20).



Conclusion of Third Chapter 59

Fig. 30 Water drop in near free float during a Chinese Shenzhou mission. (Credit: CMSA/CCTV)

Liquids in weightlessness, abandoned to themselves without any contact with a
solid wall, have the particularity to form a spherical drop (see Fig. 30).

Indeed, when subjected to the only forces of superficial tension, a given liquid
volume takes a spherical shape, corresponding to the minimal surface enclosing a
given volume.

4 Possibility of Natural Levitation

On Earth, to melt a substance, one is obliged to use crucibles that may contami-
nate the melt liquid phase. In weightlessness, the liquid phase can be maintained
in a contactless levitation, without touching any solid walls, using an electrostatic,
magnetic or acoustic confining (see Fig. 31). Many parameters of materials at high
temperatures are still unknown and cannot be measured on Earth due to difficulties
and limitations caused by crucible contamination. Microgravity allows to deepen
scientific knowledge in domains that are hardly accessible on Earth.

The list of advantages and applications ofmicrogravity to scientific research could
be continued at length, but is outside the aim of this publication. The interested reader
will find other examples and more details in Refs. 8–11. Nevertheless, an example
of practical application is given in Appendix 12.
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Fig. 31 Core element of an Electromagnetic Levitator. (Photo: DLR)

Conclusion of Third Chapter

Arrived at the end of this chapter, we can now answer to the question asked in
the title. Yes, one should weigh in on microgravity. It allows a new experimental
approach by giving the possibility to study phenomena where gravity is nullified or
strongly reduced. Although known since several centuries andmade easily accessible
to researchers since the development of space techniques, this environment without
gravity allowed since several decades to obtain an impressive amount of scientific
results on phenomena intrinsic to matter or due to its state and often masked by
gravity effects. Practical applications have started to appear, in particular for the
study of new materials and alloys. Other practical applications concern life sciences
(biology and physiology), that are the subject of Chapter 4.

https://doi.org/10.1007/978-981-10-8696-0_4
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Appendix 10: Perturbing Forces

Perturbing forces acting on a free-falling vehicle can be divided in two groups:
“external” non-gravitational forces and forces “internal” to the vehicle.

1 External Forces

Non-gravitational forces in this case are not totally compensated. One distinguishes
on one hand forces caused by phenomena external to the vehicle and thwarting its free
fall movement, and on the other hand, the forces induced by the vehicle or its control
systems to ensure its desired trajectory and attitude. These forces are expressed in
the non-inertial reference frame attached to the vehicle inertia centre.

1.1 External Forces Caused by External Phenomena

• Atmospheric Drag Force

For a vehicle of mass m moving at a velocity −→v in an atmosphere of volumetric
mass density (i.e.mass per unit volume)ρ and offering a section S projected parallelly
to the movement direction, the aerodynamic drag force or the resistance of the air
friction reads

−→
F D � −1

2
CD. ρ. S . v2.

( −→v
v

)
(A10.1)

where CD is a dimensionless coefficient whose value generally varies between 1
and 3.5, depending on the vehicle geometry and the kind of interaction between the
vehicle surface and the atmospheric gas particles. The drag force direction is opposite
to the velocity vector −→v and yields a deceleration

aD � 1

2
CD. ρ.

S

m
. v2 (A10.2)

to the vehicle. Themain parameter varyingwith altitude is the volumetricmass ρ. For
a space vehicle, like the NASA Space Shuttle, or the Russian Soyuz or the Chinese
Shenzhou or automatic research satellite, this deceleration can vary between 10−5

and 10−6 g at 200 km altitude depending on attitude, and become less than 10−8

g at 500 km altitude, slightly above the average altitude of the International Space
Station (typically 400–450 km) or of the future Chinese Space Station.
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• Radiation Pressure Force

This force is due to the pressure exerted by electromagnetic radiations, or by
the transfer of momentum from a photon flux on the vehicle surface. For a vehicle
orbiting Earth, the main source is solar radiation inducing a force

−→
F sr � S . A

c
.
−→
E (A10.3)

whereS is the cross section onwhich radiations are projected (and that canbedifferent
form the section considered for the atmospheric drag), A a dimensionless coefficient
varying between 1 and 2, depending on the surface thermo-optical properties, c light
speed and

−→
E the total light energy flux (i.e. rate of energy transfer per unit area),

whose magnitude can be correctly approximated by the solar constant (the mean
solar electromagnetic radiation per unit area at a distance of 1 AU), approximately
1360 W/m2 close to Earth. This force acts in the direction of the energy flux and
yields an acceleration

asr � S . A

m . c
. E (A10.4)

in the order of 10−8 g, independently from altitude.

• Earth Infrared and Albedo Radiation Pressure Forces

Radiation pressure forces due to Earth’s own radiation, mainly in the infrared
domain, and to Sun radiation reemitted by Earth, called albedo and whose effect is
only sensed in the illuminated part of an orbit. These forces read as in (A10.3).

Induced accelerations are smaller by an order ofmagnitude than that due the direct
Sun radiation (A10.4). For an orbital vehicle, these external forces slowly vary with
a period close to that of the orbital revolution.

1.2 External Forces Caused by the Vehicle Control Systems

In this second category, external forces are related to vehicle manoeuvres and their
variations are characterized by much shorter durations. Generally speaking, the tra-
jectory of a vehicle inertia centre is controlled by a propulsion system and vehicle
movements around its inertia centre is controlled by the attitude control system.

In case of an atmospheric vehicle (capsule in a drop tower, aircraft, rocket) in
ballistic flight, propulsion force is not completely nullified but strongly reduced and
can be adjusted to balance the atmospheric friction force. Attitude control is made
passively by the vehicle profile (e.g. aileron or wing tip) or by differentially adjusting
the propulsion system.

For an orbital vehicle, trajectory and attitude are not generally continuously con-
trolled but sporadically, either by gas ejection of attitude engines, or by activating
reaction wheels. Induced accelerations can be very important, but generally of short
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duration. Usually, experiments are not planned at the same time as trajectory or
attitude correction manoeuvres.

2 Internal Forces

Internal forces include inertia forces that do not compensate exactly gravity. Three
types of internal forces are distinguished.

2.1 Forces Due to Distance from the Inertia Centre

These forces are felt by an object that is not exactly located at the vehicle inertia
centre (see Appendix 8).

2.2 Inertia Forces Due to Movement Inside the Vehicle

These forces are caused by the movement of an object in the non-inertial reference
frame attached to the vehicle inertia centre. The most frequent case is the one of
a satellite rotating around its inertia centre and in which an object is moving. This
movement causes two inertia forces to appear, typically centrifugal and Coriolis
forces (see Appendix 3 in Chapter 1).

2.3 Forces Created by the Displacement of the Inertia Centre

Let us recall that it is the centre of inertia of the entire vehicle and its content that
describes the free fall trajectory, either an Earth’s orbit for a space vehicle, or a
parabolic ballistic trajectory for an atmospheric vehicle. The position of the inertia
centre may vary in function of the variation of the mass distribution in the vehicle.
This variation can be spatial (case of motion of mechanical parts) or temporal (case
of fuel use). Furthermore, this variation can be slow and continuous (case of slowly
movingmechanical parts) or brusque and discontinuous (case of an astronautmoving
in a space station or of docking of two space vehicles).

Appendix 11: Methods of Microgravity Simulation

To the contrary of the means creating microgravity, simulation methods do not allow
to really create microgravity. The simulation means allow to obtain experimental
configurations in which certain aspects of phenomena can be studied in a way similar
to what could be observed in microgravity but without being in weightlessness.

https://doi.org/10.1007/978-981-10-8696-0_1
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Therefore, these methods have important limitations that reduce their scientific
interest to the investigations of some very specific cases. Results obtained by these
simulation methods generally complete those obtained in real microgravity. In none
of the three following configurations is microgravity really created as there is no free
fall.

The first simulation method was used at the end of the 19th century by a Belgian
physicist, Joseph Plateau, who gave his name to this method. The principle is simple:
it consists to immerse a liquid in another immiscible liquid matrix having the same
volumetricmass. ByArchimedes principle, the buoyancy exerted by the liquidmatrix
of volumetric mass ρ1 on a volume V of a liquid of volumetric mass ρ2 is directed
along the gravity acceleration vector and reads

−→
F b � V . (ρ1 − ρ2) .

−→g (A11.1)

This force becomes null for ρ1 � ρ2, yielding results similar to what could be
obtained in weightlessness when g � 0. In the Plateau configuration, the gravity
force is not balanced by inertia forces but by a buoyancy force.

Only static configurations are truly well simulated with this method, e.g. configu-
rations of static equilibrium of liquid zones. Dynamic situations of fluid movements
or of thermal phenomena cannot be correctly simulated as the viscosity of liquid
matrix greatly limits movement of the second liquid, and that furthermore border
conditions at the two liquid interface are very different from those of free floating
liquid zone in a gaseous atmosphere, due e.g. to thermal conduction at the interface.

The second simulation method is less known. It consists in balancing locally the
force of gravity acting on a body by a magnetic or electrostatic force acting in the
other direction. The effects of two fields, the gravitational field and a magnetic or
electrostatic field, have to be locally balanced. One sees immediately the limitation of
this configuration that would work only for bodies sensitive to magnetic induction or
electrically charged. Furthermore, the power needed to maintain these fields is quite
important and limits the size of observed configurations. Nevertheless, this method is
used sometime to investigatemagnetohydrodynamics problems in absence of gravity.
This method is more used by Russian or eastern European researchers than by their
westerner colleagues.

The third simulation method is what is called the dimensionless reduction. This
method mainly applies to fluid research for which scientists use a series of dimen-
sionless numbers describing the ratios of different forces acting on fluids. Reducing
physical dimensions of an experimental liquid zone greatly diminishes effects caused
by gravity in comparison to other forces acting on fluids, e.g. superficial tension force
or capillarity forces. One manages to build floating liquid zone of a few millimetres
size that allow to study certain phenomena.Main limitations of thismethod are linked
to reduced sizes: firstly, they make it difficult to install precise means of observation
and measurement; secondly, they reduce the field of investigation to limited ranges
of values of other effects specific to fluids.

Let us also add that, for medical and physiological research on adaptation of
the human body to weightlessness, researchers use two simulation techniques that
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allow within certain limits to recreate the effects of microgravity on the human
body. It consists firstly of immobilization (or hypokinesia) in a horizontal position or
slightly inclined (head down), that simulates the shift of body fluids, mainly blood,
toward the upper part of the body like in weightlessness. The second technique is
water immersion. As the human body is mainly made of water, buoyancy induces
conditions partially similar to microgravity acting on the human body, somewhat
akin to Plateau’s configuration.

These microgravity simulation methods are complementary to means used to
create microgravity, allowing to study in the laboratory certain aspects of phenomena
appearing in weightlessness.

Appendix 12: An Example of Application of Microgravity
Research

When two phases coexist (liquid/liquid or liquid/gas), fluidsmove along the interface
by convection caused by interfacial tension gradients due to differences of temper-
ature (or concentration) existing in the liquid matrix. This effect, called Marangoni
convection, usually small on Earth in front of the gravity induced “natural” convec-
tion, depends on the temperature (or concentration) differences and is negligible in
most of cases when these differences are small. For differences sufficiently large, this
effect can no longer be neglected, even on Earth. Many experiments were performed
in microgravity first during Spacelab missions and now on board the International
Space Station to study this Marangoni effect on different liquids (solutions, semi-
conductors and melted alloys, …).

Monotectic alloys like Al–Bi (aluminium-bismuth) for example, are non-miscible
in liquid phase. Heated above a certain temperature during sufficiently long time,
the components of these alloys form a homogeneous melt. During cooling and solid-
ification, components separate and form liquid inclusions of a component (Bi) in
the other one (Al). Sedimentation and buoyancy yield eventually a complete phase
separation on Earth.

It was thought that in absence of sedimentation in microgravity, this experiment
on monotectic alloys would have allowed to keep the inclusions of a component
(Bi) dispersed during solidification, allowing to obtain new dispersion alloys. How-
ever, it did not happen. Looking for the reasons of this failure, one realized that
under the influence of temperature gradient during cooling in microgravity, liquid
drops of inclusion (Bi) appearing in the melt are pushed by Marangoni effect toward
hotter zones of the liquid matrix (Al). This mechanism of drop movements toward
higher temperature areas due to Marangoni effect can be used on Earth to counteract
sedimentation of inclusion drops caused by gravity.

Based on this principle, a new continuous casting process was conceived, employ-
ing steep temperature gradients to counteract sedimentation of droplet inclusions,
with the objective of producing Al–Pb and Al–Bi monotectic alloys for self-
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lubricating bearings for the commercial market. The melt is poured into a mould
which is cooled laterally, thus cooling the melt from the outside during solidifica-
tion. The drops of lead or bismuth are propelled upwards and towards the centre
by Marangoni flow, while at the same time sedimenting due to gravity. The net dis-
placement of the drops is thus towards the centre. Homogeneous dispersions of lead
or bismuth in aluminium alloys may thus be obtained, and these alloys are highly
promising for applications in self-lubricating bearings.

Self-lubricating bearings are employed in all automotive engines, specifically
crankshaft and camshaft bearings, where ball or roller bearings cannot be used
because of the high forces that are exerted. Three regimes of lubrication are usually
considered. In the first regime, during normal operation, the surface of the bearing is
separated from the surface of the shaft by a film of lubricant. In the second regime,
during the engine idling, the lubricating film is marginally thin, and direct point
contacts between bearing and shaft material cause increased friction and wear. In
the third regime, during the engine starting, the lubricant in the bearings has drained
out, and bearing and shaft are in direct contact. In the second and third regimes,
the self-lubricating properties of the bearing alloy prevent blocking and allow for
operation at acceptable friction and wear. This is accomplished by imbedding soft
metal particles, such as lead, bismuth or tin in a matrix which is sufficiently strong
mechanically, as for example aluminium alloys. Aluminium alloys with dispersions
of bismuth or lead had been identified as the ones with the most promising prop-
erties for self-lubricating bearings, but one has only succeeded a few years ago in
producing dispersions of these alloys employing the above process.

Modern automotive engines operate at increasingly high compression and tem-
perature, in order to increase fuel economy and reduce pollution. Newmaterials need
to be developed to meet the new requirements, and the new alloys are of this cate-
gory. A comparison between the laboratory test results of standard bearing alloys and
dispersion alloys obtained with this Marangoni transport effect, shows that friction
is halved, and wear is reduced by a factor ten with the new alloys. The market for
these new alloys is large. Several millions of cars are sold per year worldwide alone,
and each four-cylinder engine needs at least eight bearings of this type.

This example illustrates the fact that fundamental microgravity research can lead
to important practical applications in ways which could not have been foreseen
originally. It shows the importance of maintaining fundamental research and to bring
it close to applied research and engineering. More detailed information can be found
in Refs. 35 and 36.



Chapter 4
Physiological Effects of Microgravity

Introduction to the Fourth Chapter

Chapters 1 and 2 of this book recalled the basic notions of inertia, inertial and non-
inertial reference frames, gravitation, gravity (weightiness), weightlessness and free
fall. One would recall that a body subjected only to the single force of gravity is
in free fall in an external inertial reference frame and in weightlessness in its own
non-inertial reference frame. Chapter 3 addressed microgravity, the methods used to
create it, its importance and applications, mainly for material and fluid sciences.

Another category of scientific fields interested by microgravity is the whole body
of researches in medicine, biology, zoology and botany, that form what is called
life sciences studying the influence of gravity on living organisms, including the
human being. One can distinguish two groups: disciplines concerned directly with
the human body (physiology, medicine) and the other disciplines not dealing with
it, or indirectly, (animal physiology and biology, cell biology, botany, radiation biol-
ogy, …) and applications (pharmaceutical processes, protein crystallization, …). To
review each of these disciplines would be impossible here. The interested reader can
consult Refs. 8–10, 12 and 13. We limit ourselves in this fourth chapter to present
some general considerations (Sect. 10) and the main physiological effects caused
by microgravity (Sect. 11), looking in more details at one of the most debilitating
effects, bone demineralisation (Sect. 12). This overview does not pretend to enter
in all medical details (the author is not doctor in medicine nor physiologist), but to
present the main lines of space medical research in microgravity. Far from being
exhaustive, the text that follows targets a non-specialized public and the informed
reader will forgive the non-technical language and some generalizations needed for
a more general comprehension.

Recall also that the same language abuse is committed, while talking about gravity
and its derivatives (microgravity, reduced gravity, hypergravity), what is really meant
is gravity (weightiness).
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10 General Considerations on Life Sciences Research

Space orbital environment is characterized by several factors that can influence the
good functioning of all living systems, from cells to humans. The main factors are
weightlessness, high energy radiations, vacuum and temperature differences. These
last two factors are generally mitigated by the vehicle yielding the necessary life
support to the systems under study. The first two on the contrary cannot be completely
compensated. As seen previously, the state ofmicrogravity exists in an orbital vehicle
as long as it is not propelled or submitted to other important non-gravitational forces.
Protection against high energy radiations cannot be actually achieved, unless thick
shielding walls are installed all around spacecraft which is presently excluded in
view of launch costs per kg. Nevertheless, a vehicle in low Earth orbit (a few hundred
kilometres altitude) stays relatively protected by Earth’s Van Allen radiation belts
(inner energetic proton belt at 1 000 to 6 000 km altitude and outer energetic electron
belt at 13 000 to 60 000 km altitude).

To these orbital factors, one should add the conditions at launch and during atmo-
spheric re-entry and landing of a spacecraft, i.e. important accelerations and vibra-
tions, that can affect quality of physiological samples or configurations obtained in
microgravity (crystals for example).

Experiments performed in orbital microgravity can be spoiled by effects that can
be caused by high energy radiations or by constraints at launch or re-entry. In most
cases, control experiments allow to resolve certain ambiguities in obtained results.

Initially developed in the 1950s and 60s to support US and USSR space programs,
space microgravity medical research quickly evolved. Manned space flights very
quickly showed physiological changes in astronauts and cosmonauts. Duration of
space flights have increased throughout the years, froma fewhours at the beginning of
the 60s to several months (or even more than a year) today on board the International
Space Station (ISS, see Fig. 20). The ISS allows to conduct and to repeat experiments
during several years. Numerous experiments have been conducted during Spacelab
missions since the beginning of the 80s until mid-90s, and on board the Russian Mir
space station since the mid-80s until end of the 90s, mainly devoted to life sciences
in microgravity. New phenomena have been observed on astronauts, some of these
effects appearing only after several weeks or months in space. Despite the large
number of hours spent in orbit around the Earth by astronauts and cosmonauts from
all countries involved in space research and exploration, some problems are still far
from being fully understood and the necessary solutions have not yet been found.

Space medical research does not limit itself to conducting medical experiments in
orbit, but relies also on results obtained by Earth bound means. The only suborbital
mean allowing to conduct medical experiments on human subjects in real micrograv-
ity is parabolic flights (see Figs. 16 to 18). Other means of microgravity simulation,
like horizontal or head-down immobilization (or hypokinesia; see Fig. 32) and pool
immersion, are also used to complement microgravity medical research in orbit or
during parabolic flights.

https://doi.org/10.1007/978-981-10-8696-0_3
https://doi.org/10.1007/978-981-10-8696-0_3
https://doi.org/10.1007/978-981-10-8696-0_3
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Fig. 32 Head-down bedrest simulate microgravity effects on human physiology. Subjects stay in
slightly tilted head down (typically 6°) beds for weeks or months at a time (Photo: CNES/ESA)

Some phenomena observed in the human body must be confirmed by analogue
experiments performed on animals or in cell biology. Interdisciplinarity of life sci-
ences is one of the necessary characteristics of microgravity research.

Biological research fully profited of this interest. Not only, does it support space
medical research, but its interest lies also in more fundamental questions. Life as
we know it on Earth has evolved in a constant environment of gravity. Could it
develop without gravity? The answer is not obvious. Hatching and development of
fly larvae and other small animal embryos have been studied in microgravity. Results
are extremely surprising to say the least. Some experiments have shown a bifurcation
in the statistics of evolution of larvae and embryos populations in microgravity, half
of population survives and comes to adult state, the other half dies. The reason for
this dichotomy is still not understood.

11 Physiological Effects of Weightlessness

Although physiological systems of human organism function interdependently, one
can classify physiological effects of microgravity in four categories:

• perturbations of sensorial systems related to balance, orientation and the vestibular
system;

• modifications of bodily fluid distribution and their impact on the cardiovascular
system;
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• effects on metabolism and bodily functions;
• the adaptive processes of muscular and skeletal systems and their pathological
consequences.

1 Balance, Orientation and Vestibular

OnEarth, in a normal gravity environment, the human body has threemeans to obtain
the information of the reference vertical direction and of the top-bottom orientation,
characteristic of the gravitational environment that we know on our planet.

The main system is the vestibular system, which is double, located in the inner
ear. In one of these organs, small crystals of calcium carbonate called otoliths weigh
on a membrane with nervous endings (see Fig. 33).

In a static position, sitting or standing, this nervous information is transmitted to
the brain that interprets it as the information giving the vertical direction. During a
movement, otoliths behave as accelerometers whose activation by head movements

Fig. 33 Schema of otolith response in the vestibular system after a head movement
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allow to transmit to the brain signals corresponding to head positions. If we move
forward, inertia of these otoliths drag them backwards and the nervous information is
interpreted by the brain as a forward acceleration. If we bend forward, otoliths move
forward and the nervous information is interpreted by the brain as an inclination of
the head. The semi-circular canals form another sensor of the vestibular system of
the inner hear. Formed by three canals in planes approximatively orthogonal to each
other (see Fig. 34), a physiological liquid moves by inertia in these canals during
a head movement, stimulating nervous endings in the canals. The combination of
these information coming from the otoliths and semi-circular canals allow the brain
to interpret the movement and the position of the head.

The second source of information is the visual system. The visual information
allows the brain to recognize the body position with respect to external references:
floor, ceiling, walls that we know by experience are respectively down, up, and
sideways. The body forward motion is also perceived by the brain through visual
perception of our close surrounding moving backwards.

The third information source is the proprioceptive system, constituted of thewhole
of skin tactile perceptions, articulations and muscles tension. In standing position,
the pressure of the body weight on the feet sole and the contact of the feet soles with
the floor also give the information of the standing position to the brain. The neck
proprioceptive system is the most developed and informs the brain on the position
of the head with respect to the rest of the body.

In weightlessness and in absence of accelerated motion, there is no stimulation of
the vestibular system. Otoliths are no longer attracted downward by gravity and the
semi-circular canals are no longer stimulated. However, the visual and proprioceptive

Fig. 34 View of the inner ear
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systems continue to function normally. Information sent by these different systems to
the brain are incoherent for an organism used to normal gravity and create confusion
in the brain zone that normally treats the information on position and orientation.
This confusion often yields dizzy spells and nausea, and sometime triggers the reflex
of emptying the stomach. In short, the subject is sick. This sickness resemblesmotion
sickness, although some aspects are different. This sickness, called space adaptation
syndrome, or more commonly “space sickness”, affects most astronauts, even the
toughest ones. On average, one out of two astronauts suffers from nausea during the
first few days of space flight. After a day or two, the human organism adapts to the
new environment and astronauts can continue to function and work “normally”.

After the flight, once back on ground, the balance and orientation system readapts
very quickly to Earth’s environment. This effect is therefore not the most prejudicial
for the organism. Nevertheless, the loss of working capabilities and concentration
of, on average, half of the crew during the first few days of flight impacts the quality
and efficiency of the scientific and technical work to be done in orbit. This is taken
into account by reducing the work plan and schedule during the first days

2 Body Fluids and Cardiovascular System

2.1 Loss of Body Fluids

On Earth, while standing in normal gravity, arterial blood pressure is normally dis-
tributed such that, if intracardiac (inside the heart) pressure is taken as unity, blood
pressure is approximately double in feet arteries and two third at head level. While
lying down, the distribution of blood pressure is more uniform. Passing from the
lying to the standing position yields a blood flow toward the body lower part and
blood pressure diminishes in the head. Known as orthostatic postural intolerance,
the change of blood pressure is detected by baroreceptors (or pressure sensors) in
the vascular system and close to the heart. These receptors send signals that yield
firstly, an increase of cardiac rhythm to compensate the blood volume decrease in
head arteries, and secondly, a contraction of arteries in the lower body to diminish
the blood flow towards the legs.

In microgravity, gravity does not attract liquids downwards anymore and a redis-
tribution of body fluids take place, mainly blood and interstitial liquids. A volume of
approximately two litres of body fluids (approximately a litre per leg) are displaced
form the lower extremities to the body upper part.

This has for consequence to increase the blood volume and pressure in the heart.
The volume and blood flow receptors are alerted and this new situation is interpreted
as an overload of the blood system (hypervolemia). The organism reacts as it would
do on Earth, as if there was too much blood in the organism. The reaction of body
liquids elimination starts and yields a complex hormonal game. First, the secretion of
the anti-diuretic hormone (ADH) is diminished; this hormone is normally responsible
for blocking the urinary function and helps to regulate the balance of body liquids.
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This reduction of the ADH production is accompanied by the increase of secretion
of another hormone, aldosterone, that regulates sodium resorption by kidneys and
water retention in the organism. Other hormones intervene in this complex game, but
the role of these two hormones give the global scheme of the elimination process of
body liquids. Sodium being less resorbed by kidneys (water thus being less retained),
associated to an increase of the urinary function, the result of an increase of blood
volume is a natural elimination by urine of body liquids and sodium.

This process is similar up to a certain point and to a lower scale to what a swimmer
or a diver can feel after a long stay in water. The swimmer or diver body liquids are
submitted to Archimedes buoyancy due to the surrounding water and yield also a
redistribution of body liquids.

Theorganismadapts to this newenvironment and anewbalance is established after
four to five days. Let us note that this “classical” theory is challenged by experiment
results showing that body liquid redistribution should be interpreted simultaneously
with other physiological effects.

On the other hand, liquid transfer from lower members toward the upper body has
other secondary effects: face swelling (or oedema) due to blood rush in the head; the
increase of intraocular (inside the eye globe) pressure; and sinus congestion. These
secondary effects disappear up to a certain point after a fewdays inmicrogravity.Back
on Earth, after flight, everything comes back to normal and the organism readapts to
a terrestrial environment.

2.2 Myocardial Muscle Atrophy and Cardiac Rhythm

The decrease of themyocardium (cardiacmuscle) volumewas considered as a serious
problem during several years. One observed indeed during the Skylab missions of
the 1970s a decrease in the order of 1% of astronaut heart mass. But one should be
cautiouswith conclusions. Indeed, after adaption tomicrogravity, the heartworks less
and an atrophy could be expected. Results of experiments performed with ultrasound
echocardiography show effectively a diminution of left ventricle and auricle volumes
during a space flight of several weeks. However, the initial fears of irreversibility of
the cardiac muscle atrophy seem not to be founded.

One notices as well a decrease of cardiac rhythm and of arterial tension, the heart
not needing to pump blood in the organism against gravity’s downward pull (see
Fig. 35).

On the other hand, one observed in some Russian cosmonauts an extra-systolic
cardiac arrhythmia (or rhythm perturbation).

Let us note that at launch, one observes a high tachycardia, an increase of the car-
diac rhythm, due to the launch psychological stress, but also necessary to compensate
the effects of launch accelerations, up to maximum 8 g, eight times the acceleration
of normal gravity, although the values actually are more in the order of 3 to 4 g.
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Fig. 35 Experiments during parabolic flights (left) showed (right) a decrease in heart rate, seen
at the onset of 0 g (marked by arrows), i.e. an increase of duration between successive peaks,
corresponding to increased vagal modulation of the heart rate. A sudden increase is also seen in
pulse blood pressure (difference between maximum and minimum pressures) at the onset of 0 g
indicating an increase in stroke volume. These experiments can be correlated with observations in
space. (ECG: Electrocardiogram; BP: Blood Pressure) (Credit: left: ESA; right: Prof. A. Aubert,
Katholieke Universiteit Leuven, Belgium)

2.3 Visual Impairment and Intracranial Pressure

Visual impairment and intracranial pressure is another consequence of the upward
body fluid shifts, the head filling with blood and other bodily fluids. The various
consequences are an increase in intracranial pressure that can cause headache of
varying levels of severity, an increase of the intraocular pressure that affects the
visual performance and other more minor effects such as congestion of the sinuses.
These effects, although observed and investigated for several years, are thought to
be temporary effects as they tend to disappear after return to Earth.

However, the first two effects, intracranial pressure and visual impairment, were
only recently recognized as more serious as they could impair the performance of
astronauts during long duration 0 g travels in space. Imagine an astronaut pilot who
has to evaluate distances and velocities upon arriving nearMars after an eight months
interplanetary journey in weightlessness.

3 Physiological Functions and Metabolism

In microgravity, main physiological functions are practically unchanged. Astronauts
can eat, drink without major constraints. Digestion and intestinal transit are accom-
plished also nearly normally, except that gravity action is no longer present.

Breathing is also made without too important problems. However, the breath-
ing mechanism is altered: the distribution of inspired and expired gases in lungs
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and oxygen exchanges in blood haemoglobin at the level of pulmonary alveoli are
modified. The way to breathe is also modified: statistically, in weightlessness, the
forced movement of the abdomen contributes more to the breathing mechanism (see
Fig. 36).

Astronauts can also sleep in space. However, daily and sleep rhythms are dis-
turbed. Indeed, on board ISS in low Earth orbit at 400 km altitude, day and night
alternation repeats approximately every 90 min. Astronauts see a sunrise and sunset
16 times per terrestrial 24 h “day”. Psychological and emotional factors and travel
excitement intervene also. To remedy it, one imposes a strict and well-established
schedule taking into account human natural rhythms. On board the ISS, a three times
8 h schedule is applied: 8 h for sleep, 8 h for work depending on missions, and 8 h for
personal time, meals, rests, etc. This schedule is purely theoretical as astronauts on
board ISS spend much more of their time to work, although for long duration stays
on ISS, schedules are loose and longer rest periods are foreseen some days, generally
used by astronauts to watch Earth through windows, mainly the cupola (see Fig. 37).

Fig. 36 German DLR astronaut Ulrich Walter participating simultaneously to several cardiopul-
monary experiments using ESA Anthrorack facility during the Spacelab D2 mission: the subject
is sitting and pedalling on an ergometer; he breathes through a mouthpiece of ESA’s Respiratory
Monitoring System, which measures the characteristics of the inspired and expired gases. He wears
a Respiratory Inductive Plethysmograph jacket, which measures changes in inductance of two con-
ducting wires (visible as zig-zag inside the blue jacket) around the rib cage and abdomen to study
of the breathing mechanisms (Photo: NASA)



76 4 Physiological Effects of Microgravity

Fig. 37 NASA astronaut Karen Nyberg, Expedition 37 flight engineer in 2013, enjoys the view of
Earth from the windows in the ESA built Cupola of the International Space Station. A blue and
white part of Earth is visible through some of the seven windows of the Cupola (Photo: NASA)

After long stays in weightlessness, changes are observed in blood composition
that can be problematic. Firstly, the number of red blood cells and the haemoglobin
level decrease. Decrease of 20–30 percent in number and of 10–15 percent in mass
of red blood cells are measured after one to two months in weightlessness.

Secondly, red blood cells of unequal sizes and of abnormal shapes have been also
discovered. After six months in microgravity in orbit, up to two percent of ovalized
red blood cells have been observed in Russian cosmonauts.

Thirdly, the immune defence system of astronauts diminishes in microgravity
after approximatively seven days of flight. One observes a reduction of production
of lymphocyte T cells (the white blood cells) that intervene in the immune responses
and in antibodies production. This observation did not find so far, a satisfactory fun-
damental explanation and this problem could be the one that would impede mankind
to adapt to long duration space travels in microgravity. Astronauts are more prone to
infections in space and they need more time to recover after an infection on ground
after their return. The immune system is back to its normal pre-flight level after a
period of five to ten days after return to Earth. The interest for this kind of research
is actually very high. Indeed, understanding the defence mechanisms of the human
organism and the role played by gravity, or its absence, can shed light on fundamental
properties of the immune system. These are of importance in fighting certain viral
infections, not fully understood yet on Earth, like e.g. human immunodeficiency
virus infection and acquired immune deficiency syndrome (HIV/AIDS).



11 Physiological Effects of Weightlessness 77

Once more, one notes the principle of transposing in space in microgravity the
investigation of a phenomenon existing onEarth, to analyse its fundamental processes
and to understand its functioning without gravity, which can often bring a solution
to the problem encountered on Earth.

4 Musculo-Skeletal System

4.1 Spine

In microgravity, the first effect that is noticed is the spine extension up to a point
that astronauts can gain a few centimetres in height. This is due to the partial decom-
pression of intervertebral discs that do not have to support the weight of the upper
body anymore, similar to what we can experience every morning while waking up.
On Earth, the lying down position during sleep favours also the unloading of inter-
vertebral discs: we are taller on average of one centimetre in the morning than in
the evening. Back on Earth, after flight, this effect disappears of course and height
becomes normal again, but with sometime, the risk of having one of the other nerve
blocked between discs and vertebrae.

Let us signal also this anecdote of an American astronaut, tall in height but still
within the selection requirement for maximum height (1.90 m), and who found
himself nonstandard during the duration of a Spacelab mission because of this effect
of intervertebral discs unloading.

Furthermore, some astronauts complained of backpains during or after a space
flight, probably caused by this phenomenon of spine extension.

4.2 Muscular System

The muscular system atrophy is a second consequence, observed after some days in
weightlessness. In particular, the most affected muscles are those that control posture
and that contribute to support the body weight on Earth. In microgravity, the natural
position that astronauts take is a curved position with legs slightly bent. Indeed, to
move inmicrogravity, you do not need to stand up straight andwalk. One floats freely
andmoves by pushing oneself against a wall, using the action-reaction principle. One
notices thus an atrophy, a loss of mass of muscles and the elimination of muscular
proteins (see Fig. 38), yielding their catabolism (or degradation). This elimination is
associated with a loss of potassium and nitrogenous components in muscles.

The counter-measures that can be applied to avoid these debilitating effects can
be summarized in two words: physical exercise. One requests astronauts to sport
in orbit. Among the most used means, they are asked to run on small treadmills
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Fig. 38 British ESA astronaut Tim Peake operates theMuscle Atrophy Research and Exercise Sys-
tem (MARES) equipment inside theColumbusmodule.MARES is an ESA facility used for research
on musculoskeletal, biomechanical, and neuromuscular human physiology to better understand the
effects of microgravity on the muscular system (Photo: NASA/ESA)

(see Fig. 39), to use squat machine or to cycle on ergometer bicycle (which is a bit
paradoxical when one realizes that they are alreadymoving at a speed of 28 000 km/h
in orbit!).
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Fig. 39 ESA astronaut Alexander Gerst tests a running treadmill during parabolic flights on Airbus
A300 under supervision of the author. Note the vertical position of the running surface. The entire
treadmill setup was installed vertically due to the large vertical dimension of the treadmill and its
subsystems, impeding its installation in a horizontal configuration. The subject ran toward the cabin
ceiling in 0 g (there is no up or down in 0 g …). He is lying on an elevated mat (in red) during the
high g pull-up and pull-out phases (Photo: ESA)

By practicing regularly (more than two hours per day!) and by applying sometime
treatments of muscular fibre electrostimulation, astronauts and cosmonauts have no
difficulties to readapt upon return to Earth after a more than six months mission.

Finally, bone demineralisation is themost important phenomenon and is addressed
in the next section.

12 Bone Demineralisation

The problem of bone demineralisation and the loss of calcium is much more serious
and still not completely understood. Still unresolved, this problem could be the
second problem that could thwart the hopes of mankind to adapt to space travels in
weightlessness.

One observes a demineralization, mainly decalcification, of the bone structure
in astronauts, i.e. a loss of calcium and phosphorus (the hydroxyapatite). Why? We
still do not know exactly. One could say very approximately that the skeletal bones
do not have to fight against gravity and do not have to support the body weight.
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Consequently, bones “atrophy” one way or the other and bone cells do not regenerate
like on Earth.

During Skylab mission, at the beginning of the 1970s, one measured that, on
average, approximately 100 mg of calcium are lost per day. Now, an adult organism
contains about one kilogrammeof calcium. Imagining that the decalcification process
varies linearly with time (which is not the case!), all the calcium of the organism
would be lost in less than 30 years, which seems long. But, in reality, much less time
would be needed for bones to fragilize to a point where an astronaut, after staying a
few months or years in weightlessness in orbit or travelling to another planet, could
not land without suffering multiple fractures!

What we know of the bone decalcification problem does not allow us to reach
significant conclusions, as several theories oppose each other. None of them answer
all the questions, although each of them can explain a part of the problem. One knows
that decalcification is related to an atrophy of bone fibrous cells containing calcium,
corresponding to the part of the bone that allows themarrow to pass. This effect seems
to be irreversible once it has started. The rate of calcium loss varies from an astronaut
to another and varies also from a type of bone to another. One can say though, in first
approximation, that it depends on the duration of stay inmicrogravity, but that it starts
to appear only after one to two months passed in orbit. Some bones, like the ulna
and radius of the arm, have shown an absence of demineralisation and of calcium
loss, while other bones containing marrow exhibit an important demineralization.
The most important demineralisations have been observed in a Russian cosmonaut,
after a six months flight on board the first Russian space station Salyut, and are of
the order of 8 percent in the heel bone and up to 10 percent in the lumbar vertebrae.
On the other hand, results of experiments conducted on Russian cosmonauts during
several months flights have shown that bone demineralisation is mainly marked in
bones of the lower body part, while some bones of the upper body (like the skull or
shoulders) re-mineralised or even gained in calcium. This very surprising result is
presently still only partially explained.

This problem of bone decalcification resembles by certain aspects to an illness
known on Earth, osteoporosis, affecting mainly elderly people and women after
menopause. This sickness yields a change in the structure (demineralization) of
bones, associated to losses of calcium, but also of phosphorus, nitrogen and hydrox-
yproline protein (a bone component), but the composition stays globally the same.
The bone loses in thickness, fragilizes and fractures more easily. By other aspects,
demineralisation observed in microgravity is also similar to another sickness, osteo-
malacia, for which one observes only a change in the bone composition, only some
minerals are eliminated. One sees in this case a calcium reduction with respect to the
bone mass, calcium salts do not deposit anymore in the regenerated bone tissues, the
bone fragilizes, can fracture or wrongly form.

Numerous experiments conducted in microgravity on astronauts and cosmonauts
and on animals (what is called the animal model) yield results, sometime diverging.
On one side, one observes an increase of activity of osteoclastic cells, whose role
is to eliminate and resorb elements of bone tissues. On the other side, some results
show that bone demineralisationwould be due to a decrease of activity of osteoblastic
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cells, responsible for regenerating bone tissues. Is demineralisation due to a decreased
process of bone tissue formation or to an increased process of bone tissue resorption,
or to a combination of both processes? One must stay cautious and these results need
to be confirmed by many more experiments, including at bone cell biological level.

What to think also of the re-calcification of upper body bones, reported byRussian
doctors? The first correlation that comes to mind is to associate this observation with
body liquid transfer from body lower part to upper part. One has to consider also
two categories of bones: the weight bearing bones in normal gravity on Earth (legs,
spine, …) and the non-bearing bones (upper part of skeleton). These two categories
of bones react differently during the prolonged exposure to microgravity. But by
what process would calcium additionally fix on bones?

Bone decalcification yield also secondary effects. Calcium is transported by blood
in the organism and eliminated by the kidneys in urine. This transport can yield
important calciumdeposits in other parts of the humanbody, e.g. in the cardiovascular
system or on soft tissues, with the potential to affect other physiological functions.
Decalcification can also cause kidney failure, as kidneys are too solicited to filter
calcium. An increase of 50% of calcium has been measures in urine samples of some
astronauts on previous missions.

Despite the incomplete knowledge that doctors have of this problem, counter-
measures have been devised to allow astronauts to continue to function in orbit
without toomuch problems and to provide themwith a faster post-flight rehabilitation
on ground. Simple in their principle, these counter-measures are however insufficient
to fight bone demineralisation in weightlessness.

Firstly, if calcium is eliminated from the organism, it should be replaced! So,
astronauts receive calcium enriched nutrition. While it is commonly found in dairy
products on Earth, space menus settle more prosaically for calcium enriched food.
Secondly, if gravity absence yields less work for the bones that should bear body
weight, they should be put at work! For long duration missions, during several hours
a day, astronauts have to wear what is called a “penguin suit” that puts bones in
compression and oblige them to “work” against this compression during physical
exercises. This “penguin suit” resembles to a sport tracksuit with elastic braces too
small for the astronaut size, going from feet to waist and from waist to shoulders and
that compress the body from foot to head. This “penguin suit” is now replaced by
a set of braces and straps that astronauts have to wear when running on a treadmill
(see Fig. 40). The effect is similar but it allows to be used also in a more dynamic
environment of running.

Unfortunately, these two counter-measures are not sufficient. The calcium
enriched diet slows down calcium losses, but does not stop it. And, wearing “penguin
suit” or braces and straps to run are not the astronaut favourite pastime, nor is the
fact that they have to spend several hours per day on treadmills, squat apparatuses or
ergometric bicycles.

Space medical research on physical training of astronauts has a spin-off in every-
day life on Earth for prevention of fractures due to osteoporosis in women after
menopause. Appendix 13 presents this simple approach but having important con-
sequences for public health.
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Fig. 40 On ISS, astronauts must spend several hours per day exercising in order to stay in shape.
Dutch ESA astronaut Andre Kuipers (foreground) runs on the Combined Operational Load Bearing
External Resistance Treadmill (COLBERT) in the Tranquillity Node of ISS in 2012. In the back-
ground, another astronaut is seen “upside down” (but there is no up, no down in microgravity…)
using a squat apparatus (Photo: NASA)

Conclusions

All, but two or possibly three, physiological modifications observed in astronauts and
cosmonauts after a more or less long exposure to microgravity are most likely not
impeding the continuation of orbital space flights and eventually to another planet.
The first problem of decreased immune defence system after a more or less long
stay in weightlessness is an important problem as it concerns the human organism
ability to defend itself against bacterial and other infectious agents’ aggressions.
One noticed as well that some types of bacteria are developing differently in weight-
lessness, becoming more virulent, or even mutating. With lower immune defences,
the combination of these two phenomena present an important challenge for future
space missions of very long duration, like Mars missions. The second problem of
bone demineralisation is also not solved completely. One manages to prevent the
problem in orbit such that astronauts’ health is not endangered, as missions of more
than six months and the few missions of more than a year have shown. However,
fundamental answers to this problem are not yet available. The third problem, the
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visual impairment and intracranial pressure, may also affect space travellers in long
duration interplanetary journeys and is presently actively investigated on the ISS.

One does not know yet the long-term effects of a prolongedmicrogravity exposure
and their consequences on astronauts’ mortality. One cannot conclude also whether
the human organism could totally adapt to microgravity.

Research and experiments of course continue, but every answer poses new ques-
tions.

Space medical research contributed to increase our knowledge on certain medical
afflictions and allowed to find treatments that are applied today to patients on Earth.
Medical techniques developed for space flights have also spin-offs in the actual
medical means used daily in hospitals.

The diversity of physiological modifications observed on the human organism
show the wealth of the investigation field offered to researchers involved with prob-
lems of adaptation of human beings in space. This also holds true for animal, vegetal
and biological organisms. Numerous investigations are conducted in other life sci-
ence domains like biology, genetics, … and were not addressed here.

Finally, microgravity research allows to come close to an old dream of mankind:
to escape from gravity to which we are all constrained on Earth.

Appendix 13: An Application of Space Medicine Research

A spin-off of research on prevention of astronaut bone demineralisation consists
in the preparation of a programme of simple physical exercises that is prescribed to
women aftermenopause to avoid fractures due to osteoporosis. Statistically, awoman
out of ten will suffer during her life from a femur neck fracture. This frequency is
doubled after menopause. After the age of 60, 20% of female patients will decease
and half of surviving will be handicapped. It is therefore of paramount importance
to understand the functioning mechanisms of osteoporosis and bone fragilization.

On the other hand, preventing consequences of fractures due to osteoporosis, if
possible at all, has an obvious economical character, as post-menopause fractural
osteoporosis is an important and costly public health problem.

Weightlessness is creating a fast evolution model of bone loss, space research
in microgravity on bone pathology can contribute to better understand fundamental
mechanisms of osteoporosis. Programmes of preventive physical activity based on
acute osteoporosis as observed in microgravity are derived from astronaut training
programmes.

So, some French specialists recommend the following types of exercises (always
under medical supervision!). Exercises with vertebral extension are recommended,
those with flexion are to be avoided. Exercises should be done while under load
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(walking, running, stair climbing) and should not be necessarily done every day. A
programme of moderated exercises (jogging, exercises while standing, lying down
or sitting during an hour, twice a week) would already yield an increase of minimal
content of vertebral bone. An hour of walking per day during two years would reduce
by half the frequency of osteoporotic fractures.

Thus, one very logically recommends to sport to stay in good health!
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