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Abstract Considering the space environment and
its critical issues and consequent risks, the chal-
lenge is to define the way and tools with which future
astronauts will be able to act, live and work in space
and, in particular on the Moon and Mars, exploiting,
at the state of art, knowledge of innovative science,
engineering and technology. On the Moon and Mars,
the most obvious environmental factors are extreme
temperature fluctuations, low gravity and the vir-
tual absence of atmosphere and magnetosphere. The
health of a human body can be damaged by reduced
values of gravity. Due to the reduced gravity on the
Moon and Mars, human bones and muscles are
unloaded and begin to weaken. It increases the risk of
bone fractures and atrophied muscles for astronauts
returning to Earth from prolonged missions. The
magnetosphere and atmosphere on Earth shield from
much of the dangerous solar and cosmic radiation.
Radiation with extremely high energies can damage
even living tissue. The surface of the Moon and Mars
has been crushed by millions of impacts of celestial
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bodies such as asteroids, leaving a layer of regolith
that could be very deep depending on the areas of
the planets. The habitation module, described in this
paper, is carried by a vehicle equipped with two pairs
of compass shaped legs that act as supports for the
habitation module capable of maintaining a certain
controlled height with respect to the ground as well
as a horizontal attitude, during the movement of the
compass. A system of ropes wound on pulleys allows
to control the height of the habitat with respect to the
ground, control the structure in movement, descent
and ascent. The habitat can also be lowered to the
ground. The geometry of the shape of the pulleys,
around which the ropes are wound, is determined in
such a way that the habitation module remains at a
certain height during the movement defined by the
two compass-shaped advancement supports. The
paper describes and analyzes the movement of the
pulleys during the entire phase of the movement of
the habitation module and their geometric shape is
discussed.

Keywords Space architecture - Space vehicle -
Pulley system - Space habitat design

1 Introduction

Exploration and Colonization was always a big inter-

est in human history, offering cultural, scientific, eco-
nomic implications which involve many scientific and
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technological needs including the design and realiza-
tion creation of living habitation modules on extra-
terrestrial soil, new types of spaceships and vehicles
for exploration. This research and activities, related
to space exploration, has also generated important
spin-offs of inventions, technologies, and systems in
response to the needs of daily life on earth [1, 2].

Among the objectives of space exploration is the
colonization of the planets closest to Earth such as,
firstly, the Moon and Mars. To colonize these planets,
unmanned missions were carried out in the last cen-
tury and, subsequently, manned missions were carried
out on the Moon and are planned for Mars. This activ-
ity involves sheltered habitat, isolated from the spatial
environment and systems to support the life of crew
and guests. Moon and Mars are the closest targets for
space exploration. The habitat vehicle described in
this paper is aimed at these environments.

Using cutting-edge science, engineering, and tech-
nology to comprehend the lunar environment and its
dangers, the challenge is to design and implement a
plan for how future astronauts would live and operate
on the Moon. The most noticeable environmental ele-
ments on the Moon are the pronounced temperature
swings, the lack of an atmosphere, and the low grav-
ity. The lunar surface is either very hot or extremely
cold since there is no atmosphere to moderate the
temperature variations. The average temperature
ranges from 380 K in areas with sunlight to 30 K in
areas without it. Extreme temperatures call for the
necessity for suits and shelters.

The gravitational pull of the Moon is around 0.16
of that of Earth and that of the Mars is 0,38. There
will be less weight on buildings and structures than
there is on Earth. The human body may be nega-
tively impacted by the decreased gravity. Because of
the reduced gravity, human bones and strong mus-
cles become unnecessary and start to weaken. This
increases the danger of broken bones and weak mus-
cles for astronauts returning to Earth. The magne-
tosphere and atmosphere of Earth shield the planet
from a large portion of the hazardous solar and cos-
mic radiation. Radiation with extremely high energies
can harm DNA and living tissue.

There is no atmosphere or magnetosphere on the
Moon and On Mars the atmosphere is mainly composed
of carbon dioxide and is much less dense than on Earth
while the magnetosphere is almost absent. The surface
of the ground has been crushed by millions of asteroid
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and comet impacts, leaving behind a layer of regolith
that may be several meters deep. The most part of rego-
lith is composed of particles of the size of dust. The pri-
mary component of lunar regolith is dust, which poses
a serious risk since it may get embedded in devices like
computers, rover sensors, and systems for human pro-
tection and survival. Currently, many researchers are
attempting to comprehend the characteristics of lunar
dust, the consequences of human exposure, and strate-
gies to reduce its harmful impacts [3, 4].

Along with Mercury, Venus, and Earth, Mars is the
fourth and last terrestrial planet in the solar system. It is
distinguished by a solid surface that has been impacted
by meteorites and climatic change [5, 6]. Mars seasons
follow a similar cycle to Earth ones due to the planet
tilt present in its rotation axis, but with more variations
in temperature and season duration [7-11]. Mars does
not have an active magnetic field; the southern hemi-
sphere nevertheless contains residual magnetism [12].
Summertime temperatures in latitudes of 60° vary from
180 to 290 K, whereas near the equator they range from
210 to 220 K. At the poles, wintertime temperatures
fall below 150 K [13]. At the base of the Hellas Basin,
the absolute pressure of the environment is 14 mbar,
whereas at the greatest height, it is 3 mbar [11, 13].
Organic matter decomposes quickly in the absence of
ozone because brief UV light reaches the soil [13].

A habitat modulus on a mobile space explora-
tion and colonization spacecraft is described in this
study [14, 15]. The mobility vehicle has two com-
pass legs that hold up the habitat modulus. A system
of ropes coiled on pulleys controls the height of the
habitat modulus, the trim during motion, and low-
ering and climbing. Because of their advantageous
high strength/mass ratio, flexibles are frequently used
in aeronautical systems [16, 17]. The pulley system
that makes up the open ring control has a changeable
radius. With the compass legs sitting on the ground
and functioning like legs with a controlled movement
at the base, the vehicle may travel forward or back-
ward [18].

2 Vehicle-habitat
2.1 The trim control strategy

The goal of the intrinsic control system is to main-
tain constant the height of the habitation module with
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respect to the ground, during the motion of the vehi-
cle. The latter advances with an opening and closing
motion of the legs of the compasses, which constitute
the mobile support structure of the habitation mod-
ule. The intrinsic control system of the quota is made
up of a mechanism that uses flexible ropes that wind
around pulleys. Figure 1 schematically represents the
forward motion of the vehicle.

Considering the vehicle geometry, two symmetry
planes can be found. There are both a longitudinal
symmetry plane x1, in which the motion of the centre
of the system lies, and a transversal symmetry plane
n2, containing the axis of the top hinge. Both planes
nl and w2 are perpendicular to the ground plane, as
seen in Fig. 2.

Due to these symmetries, in order to represent the
entire vehicle motion, it is possible to observe only
one leg of one of the two compasses. This motion is
representative of the motion of the entire vehicle.

It is intended to keep the height H of the habitation
module constant, with respect to the ground. Refer-
ring to Fig. 3, an advancing phase is considered: the
compass changes its angle f, because of the foot A
advances and the foot D’ is stopped on the ground.
The next step will have foot A stopped and foot D’
moving forward.

In Fig. 3, above, it can be seen a detail of the gear
train at the top of the compass. Both the right leg 2
and the pulley linked to it are shown, while the flex-
ible rope and left leg 1 are shown on the left.

Each leg is connected to a pulley on which a rope
is wound; the free end of the rope is connected to
the cart that slides on the other leg. In Fig. 3, above,
legs 1 and 2 of one of the compasses and one of the

Fig. 2 The complete vehicle and the symmetry planes w1 and
n2

two pulleys are shown, the other pulley is omitted
for the clarity of the drawing; the represented pulley
is the one attached to the right leg 2, on which it is
wrapped around a rope with the free end connected
to the trolley which slides on the left leg 1. One of
the two sides of the transversal beam 3, carrying the
habitation module, is supported by this cart. The
same happens for the other leg of the compass: on
the other side the situation is symmetrical. Looking
again at Fig. 3, on the right, it can be seen the leg
AB, of one of the two compasses, when A advances
to A’. The other leg, however, has the foot still on
the ground. During the advancement, the inclination
@ of the leg, with respect to the ground, changes; in
the same way the inclination of the other leg BD of
the compass, which has the stationary foot, changes
symmetrically.

Fig. 1 The vehicle and the advancing strategy

@ Springer
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Fig. 3 A leg of one of the compasses is representative of the motion of the entire vehicle

The length of the leg, in Fig. 3, corresponds to the
length of the segment AB, since the leg is considered
to have a straight axis. The height H from the ground
of the habitation module is required to be kept constant.
The length of the segment BC increases as the angle
@, increases when the foot A of the leg advances in A’,
while the length A'C’ decreases respect to AC.

A rope connects the top of the leg, point B, to point
C where there is the connection point between the axis
of the leg and the habitation module.

Considering a generic angle ¢;, during the forward
motion of the foot A of the leg, it is possible to write
the expression of the variation AL of the rope connect-
ing points B and C.

_ Hsen((pl-) — sen(@) 3
sen(p) - sen(qoi)

_ H H
sen(@)  sen(g;)

Figure 4 shows the variation of the length of the
flexible hose AL as the angle ¢, varies, dimensionless
with respect to the total length L of the leg.

The radar diagram in Fig. 5 shows the trend of
the relationship between the radius R of the pulley
on which the flexible winds and unwinds during the
motion of the vehicle to maintain the habitation mod-
ule height constant. This quantity is referred dimen-
sionless with respect to the length of the compass leg.
R/L in Fig. 5 is shown vs the angle 9 =2¢. Referring

AL=B'C'—BC;BC=AB—-AC;BIC' =A'B —A'C';AB=A'B

()

to Fig. 3, the angle 9=2¢ is the angle by which the

AL=B'C'-BC=(A'B' -=A'C') = (AB-AC) = AC-A'C’
H H
AC = AC = ——
sen(p) sen(qoi) @)
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pulley, which is bound to leg 2, BD’, rotates with
respect to leg AB, therefore it is the angle of wind-
ing and unwinding of the flexible during the motion
of the legs, to keep the height H constant of the
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Fig. 4 Dimensionless
trend of the variation of
the length of the hose vs
angle f 0,16
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Fig. 5 R/L angular profile of the pulley radius to obtain a con-
stant quota of the habitation module equal to one fifth of the
length of the leg

habitation module. This diagram represents the pro-
file of the pulley to obtain the required performance
which consists in maintaining the constant height H
of the habitation module, with respect to the ground,
as the legs move.

The case represented refers to a ratio between the
height of the habitation module from the ground and
the length of the leg of 1/5. For different ratios the
calculation follows the same steps.

For a more complete representation of the motion,
the advancement s of the leg foot is shown, in Fig. 6,

(AL)/Lvs @(°)

s/L s/Lvs 9(°)
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

0 10 20 30 40 50

609 (°y0

Fig. 6 The advancement s vs the angle J between the two legs
of the compass

dimensionless with respect to the length L of the leg
vs the variation in the angle 9 between the two legs of
the compass.

Figure 7 shows, depending on the advancement
of the foot, the advancement of the midpoint of the
habitation module and the variation of the position in
height of the vertex of the compass vs the advance-
ment of the foot s. These quantities are all shown
dimensionally with respect to the length L of the
compass leg.

2.2 The equilibrium

To examine the compass mechanism, consider the
simplified diagram in Fig. 8. The structure is exam-
ined when the following variables vary, the rods are
taken to be rigid bodies, and the masses are supposed
to be concentrated at each rod center of gravity.

The parameters changing during the motion are:

@ Springer
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Fig.7 The advancement of the midpoint of the habitation
module and the variation of the position in height of the vertex
of the compass vs the advancement of the foot s

@

Do

b

Angle at the base of the rods;

Angle in the initial configuration of the ris-
ing phase;

Angle in the final configuration of the ascent
phase, coincident with the angle of the

@2

m,
mj

La=L

initial configuration of the opening phase at
constant height;

Angle of the final configuration of the open-
ing phase at constant altitude;

Mass of rod 1;
Mass of rod 2;
Mass of rod 3 (middle rod)

Length of the side rods, assuming they have
the same length;

Distance of the center of mass of rod 1 from
the end resting on the ground;

Distance of the center of mass of rod 2 from
the end resting on the ground;

Distance of the center of mass of rod 3 from
the left end;

<

Fig. 8 Compass mechanism scheme displaying the primary geometric characteristics that define the structure. The habitat to the
center rod and the material point comparable to the mass of the side rods are shown by the circles
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Fig. 9 Diagram showing the forces acting on lateral beams
and their self-weight

Ly Distance between the two constraints of rod
3 (center), it differs from the length of this
rod in that L varies with the angle;

H Elevation with respect to the ground of rod
3 (center);
s Displacement imposed at the base of the

left constraint;
Displacement of the right-hand constraint.

The center rod and the side rod assembly make up
the two components of the compass mechanism. The
lateral rod assembly interacts with the ground through
two constraints. These constraints act as hinges in a
static situation, act as hinge and roller support when
one support moves and the other is fixed, or both act
as roller supports when both constraints move.

Furthermore, the center rod exhibits a support-bar-
rel-like pattern where the beam length varies based
on the opening and shut-ting of the compass mecha-
nism. The general dynamic model is described, where
the three material points have non-negligible accel-
erations. The body overall dynamic equilibrium equa-
tions in the X and Y axes are written, referring to the
free body diagram shown in Fig. 9:

V2 + V4 - mlalx - mzazx - M3a3x = O (4)

Vi+V;— (ml +m, + m3)g —myay, — My, — m3ds, = 0

&)

The equation relating V, and Vj can be expressed

in such a way that the restraint is considered as a

roller support that allows free movement along the

axis of the legs. The same can be done for the equa-
tion linking V5 and V.

Vg = Vitang (6)

V, = Vstang (7)

The dynamic equilibrium equations for rod 3 (the
center rod), as in in Fig. 8, may be written in the X
and Y directions as well as at rotation around the left
end:

—Vssing + Vicosp — mzas, =0 8)
Vscosp + Vising + Vecosp + Vgsing — myas, — mzg =0

©)
(Vscosg + Vgsing) Ly — (myas, + msg)dy =0 (10)

Fig. 10 The vehicle-with the habitat modulus and the compass structure

@ Springer
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The equation expressing the rotating equilibrium
of the rod 1 (Figs. 8 and 9), with respect to the vertex
of the compass, in the anticlockwise direction, is:

—ViL,cosp + V,L,sing + Vs <La - siII;I >
@

+ (mya,, +mg) (L, —d,) cos p+ 11
- mlalx(La - dl) sing =0
The equation expressing the rotating equilibrium

of the rod 1 (Figs. 8 and 9), with respect to the vertex
of the compass, in the anticlockwise direction, is:

V3L, cosp+ V,L,sing — Vg <La S >

sin @
12
— (myay, + myg) (L, — dy) cos o+ 2)
Furthermore, L, is defined as:
H
L. =2 L — —
T COS(p< a sin(p> (13)

With quasi-stationary motion, V, and V,, both take
on the role of constraining forces, but when it comes
to dynamic motion, they alternately take on the role
of constraining force and external action.

Elaborating the previous equations, a system
of two equations in the unknowns V,, V, and s
is obtained. It will be necessary to make at least
two additional assumptions regarding the previous
unknowns to solve the problem. These assumptions
could be quasi-stationary motion, which ignores iner-
tial forces and displacement s, or imposed motion,
which uses the function of displacement s and angle
@, as shown in Fig. 8.

Va+Vy—ma,, —myay —mya;, =0 (14)

__H
L,sing

(V4—V2)+ m3a3x<1 > + (m3a3y+m3g

(mlaly + m18) ﬂ (mZaZy + ng) d,

L,sin’ @

compass to be calculated. The hourly law of the force,
to ensure motion in the event of an assumed motion,
may be found by simply deriving the hourly law of
the assumed motion and reinserting it into the formu-
lae expressing V2 and V4 (see Fig. 10).

If there are no dissipative processes and there are
only rigid bodies, the total mechanical energy E may
be expressed as follows:

E=U+K =sin (p(mlgdl +mygd, +m3gH) +mgd,

+ %ml (vfx + vfy) + %m2<v§Y + vg_‘_) + %m3<v§X + vgy)
(16)

In Eq. (16), U represents the gravitational poten-
tial energy and K is the kinetic energy. The work of
the external forces is equal to the variation of the
mechanical energy E.

Referring to Fig. 8, the three material points
P,, P, and Pj;, associated with the rods, have
acceleration obtained from the derivative of their
positions; the rods masses are concentrated in the
center of gravity. The positions of the three mate-
rial points P;, P, and P;, associated with the rods,
are expressed below, supposing that the central rod
remains horizontal, assuming, in general, that the
height H from the ground of the central rod can
vary in time and assuming, furthermore, that the
sliding constraint in the lower left corner of the
compass moves by a displacement s(2):

P, = (d, cos @ + 53d; sin @)
P, = ((ZLa —d2) cos @ + s;d, sin(p) 17
Py = (Hcotp+d, cosp+s;H)

The velocities and the accelerations of the center of

mass of the rods 1, 2 and 3 are expressed, deriving in
time, as follows.

)HCOS(p

s)

+ + -4 1-%) 2o
— +mya - — ) —ma -—=)=
tan @ L, tan ¢ L, i L, 2 L,

Once the values of the two forces, V, or V,, are
known, Eqs. (14) and (15) allow the motion of the

@ Springer
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—@d, sin @ + §;¢d, cos (p)

—9(2L, — d,) sin @ + §;¢d, cos ) a8)

Hp . .
< +Hcotp+5—d, sin(p;H>
sin? @

The previous equations are conditions to be satis-
fied for the function H(g) and the values H(¢,) = H,
and H ((pl ) = H| must be reached. A parabolical func-
tion with a vertex at @, is a function that satisfies these
conditions:

a; = (d;(—@sinp — ¢* cos @) + §;d, (& cos @ — ¢* sin @))
= ((2L, — dy) (@ sing — @* cos @) + §;d, (p cos @ — ¢* sin @) ) (19)

ay = <ﬁ(—(p +2¢*cotp) + Heotp +5—d ¢* cosp — d§ sin(p;H>

The inertial forces, acting on the compass system
are negligible in quasi-stationary motion. Assuming
zero acceleration values the quasi-stationary motion is
described by the generic Eqgs. (4) and (14).

2.3 Vehicle ascent mode

Prior to analyzing this mode, the function H(t) must
be defined. This function must assume that, at the
extremes of the rising mode time interval, H(z))=H,
and H(,;)=H,. Since the rod (3) must stop when it
reaches the height, it must be taken into considera-
tion that the velocities of the compass centers of mass
are zero at the starting moment, t=t,, and at the final
instant, t=t;. Under these circumstances, the follow-
ing values are obtained for the velocity of the centers
of mass in rods 1 (left), 2 (right), and 3 (middle): at the
beginning instant t=t,, at the end instant t=t;. A step
movement is analyzed, where it is possible to consider
s=0. To impose null the velocities of the compass rods
1 and 2 for t=t; and t=t,, it is enough that:

@(t0) = @(1,) =0 (20)

To impose null the velocity of the rod 3, it is neces-
sary that H=0

. dH . .,
H=p=H
G =t 1)

At the beginning instant t=t; and the ending instant
t=t,;, condition (18) must also be respected.

H' () =0 22)

H'(¢,) =0 (23)

H,—H
- —(q) (p1)3(<p—(p1)3+H1 (24)
0~ ¥1

H(p)

3 Conclusions

This work describes and analyzes a habitat vehicle
which is required, in terms of performance, to be
able to carry out a forward motion while maintain-
ing constant the height of the habitat modulus and,
furthermore, it is required to be able to carry out
loading and discharge to the ground. The analyzes
of the habitat vehicle behavior, with the models
defined, even if within the hypotheses, have high-
lighted how the performances are achievable with
the proposed vehicle scheme. As such, the authors
consider these models to be a useful reference for
the habitation module design.

Future developments will focus on studying the
behavior of the vehicle when the motion is outside
the vertical plane of symmetry, the plane in which
the models in this work are defined. Furthermore, a
fundamental theme of the development of the work
will concern friction both in the mechanisms of the
residential vehicle, which allow its motion, and the
sliding and rolling friction at the interface with the
ground.

Finally, the authors consider the study of the
motorized implementation of the motion of the
pulleys, on which the ropes are wound, as a future
development. During descent to the ground and
ascent to a defined height of the transversal beam,
the pulleys impose the position of the cart along the
compass beams, that are the legs of the system.

@ Springer
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