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Abstract

Asteroid mining has always had an important role in the space exploration history. This
especially because certain types of asteroids have resulted to be made of materials which
could be seen as a source of resources. Thus, studies about asteroids could enhance not
only the continuous research of proving the existence of others forms of life but also the
future exploration and colonization of planets different from Earth.
Contemporary drilling missions in extreme environments have the necessity of exploiting
large and heavy rovers. However, reaching specific areas of some asteroids, through big
satellites or rovers, could be a problem. In this work a 1U compact sampling mechanism
with integrated bio-marker analyzer has been preliminarily designed with the goal of
improving the present drilling missions scenario.
Deimos has been considered as the case study of this work, because it has been discovered
that Deimos composition is similar to carbonaceous asteroids. Moreover, the TASTE
mission, with the goal of sampling and in-situ analyzing Deimos soil, could be a possible
application case of this work. The compact 1U Surface Sample Analyzer will be the
payload of a lander which will land on Deimos. The soil sampling mechanism is a hollow
screw which drills the soil few centimeters’ depth thanks to a dedicated electric motor.
While drilling, the sampled material is transported upwards and is directly delivered into
the experimental chamber. In the latter, the sampled soil properties are studied thanks
to a Lab-On-Chip.
In this thesis the scientific instrument has been considered an independent and multi-
scenario analyzer which could be exploited also on other missions not related to Deimos.
The main guiding parameters to preliminarily design the components of the payload, such
as thrust, torque and power which have to be exerted by the drill bit, have been carried
out from a testing activity involving micro corers conducted by Leonardo Robotics team
in Nerviano.
Keywords: asteroid mining, Deimos, CubeSat, Lab-On-Chip, micro corers.





Abstract in lingua italiana

L’estrazione mineraria dagli asteroidi ha sempre avuto un ruolo importante nella sto-
ria dell’esplorazione spaziale. Questo specialmente perchè alcuni tipi di asteroidi sono
risultati essere costituiti da materiali che possono essere fonte di risorse. Così, gli studi
riguardanti gli asteroidi potrebbero migliorare non solo la continua ricerca della prova
dell’esistenza di nuove forme di vita ma anche la futura esplorazione e colonizzazione di
pianeti differenti dalla Terra.
Al giorno d’oggi le missioni di perforazione in ambienti estremi hanno la necessità di
impiegare grandi e pesanti rovers. Tuttavia, raggiungere specifiche aree di alcuni aster-
oidi, attraverso l’impiego di grandi satelliti o rovers, potrebbe essere un problema. In
questo lavoro un compatto meccanismo di campionatura con un integrato analizzatore
con bio-marcatore con dimensioni di 1U è stato preliminarmente progettato con lo scopo
di migliorare l’attuale situazione delle missioni di perforazione.
Deimos è stato considerato il caso di studio di questo lavoro perchè è stato scoperto che
la composizione di Deimos è simile a quella degli asteroidi carboniosi. Inoltre, la missione
TASTE, con l’obiettivo di campionare e analizzare in-situ il terreno di Deimos, potrebbe
essere un possibile caso applicativo per questo lavoro di tesi. Il compatto analizzatore
di campioni di superficie con dimensioni di 1U sarà il payload del lander che atterrerà
su Deimos. Il meccanismo di campionatura del terreno è costituito da una vite cava
che penetra il terreno per qualche centimetro di profondità grazie a un dedicato motore
elettrico. Durante la penetrazione, il materiale campionato è trasportato verso l’alto ed
è direttamente rilasciato nella camera sperimentale. In quest’ultima, le properietà del
terreno campionato sono studiate grazie a un Lab-On-Chip.
In questa tesi lo strumento scientifico è stato considerato un indipendente analizzatore
multi-scenario che potrebbe essere impiegato anche in altre missioni non relative a Deimos.
I principali parametri guida per il design preliminare dei componenti del payload, come
forza, coppia e potenza che devono essere esercitate dalla punta del trapano, sono stati ri-
cavati da test su micro carotatori condotti dal team di Robotica di Leonardo a Nerviano.
Parole chiave: estrazione mineraria dagli asteroidi, Deimos, CubeSat, Lab-
On-Chip, micro carotatori.
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Introduction

The aim of this chapter is to introduce the reasons which have guided this thesis’ work. A
brief review about the interest in mining missions to asteroids has been conducted. Then,
it has been introduced which and how soil properties influence the drilling activities and
the thesis’ case study. Eventually, it has been highlighted the innovative contribution
that a compact sampling mechanism with integrated bio-marker analyzer will bring in
the nowadays acquisition missions scenario.

Asteroid mining

Scientists are interested in studying Near-Earth Objects, especially asteroids, because
they could be a sort of supply of resources for future exploration missions [1]. This is
justified by the fact that the acquired materials from M-type asteroids could be exploited
in the development of innovative structures for space applications [1]. While, C-type
asteroids could support life in space as they have been resulted to be rich of water and
carbon [1]. This aspect has become particularly important for the research of the presence
of others forms of life in our solar system as well as for the humans’ desire to colonize
Mars or other planets similar to Earth. Moreover, future exploration missions could
be improved by the exploitation of asteroids molecules for the generation of fuel and
oxidizer implied in chemical propulsion systems [1]. Eventually, water represents a sort
of shielding against different radiations sources present in space, hence, it could be useful
in different missions’ scenario or space applications [1]. Different missions, with the goal
of sampling and analyzing in situ asteroids soil samples, have been developed during
the space exploration history. All the past mining missions to NEOs, and in particular to
asteroids, have few common characteristics. The first one: drills are capable of reaching at
least 1 m depth. The second one: the penetrating mechanisms are substantially composed
by a drill rod with an integrated sampling tube which picks up samples thanks to a
dedicated electromagnetic mechanism by releasing a spring [11]. Another common way
to acquire the desired amount of soil is moving, again through a spring, the coring tube
integrated in the sampling tube to create an empty space to be filled with the samples
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during the acquisition and to push them out during the release [66]. The aforementioned
characteristics traduce into the need of having long length and massive rods which make
up complex penetrating mechanisms and which cannot be placed inside a CubeSat. This
thesis is a kind of innovative one since it wants to lead the basis for designing a compact
and very simple analyzer with integrated sampling mechanism.

Soil properties influencing drilling activities

Analytical investigations taking into account the drill characteristics as well as different
soil’s properties and behavior have to be developed to preliminarily study the performance
of a drilling activity [2]. The soil response, caused by the thrust and torque exerted by
the drill bit, depends, of course, on the values of the applied loads, but also on various
geotechnical properties of the soil itself [2]. These soil’s properties are:

• The shear strength, or compressive strength. This strength is influenced by two
contributes: the cohesive strength and the frictional strength [2]. The latters are
strictly related to the intra particle cohesion forces and the angle of internal friction
of the soil. These are intrinsic contact properties present between particle grains
which must be overcome to allow the movements of grains permitting sampling and
acquisition activity [2].

• The bulk density. As can be expected, while drilling the resistance increases with
the increasing of the soil’s bulk density [2].

• The shape and size of grains. In fact, circular grains tend to be easier to drill with
respect to grains having different shapes and rocks made of smaller grains tend to
be stronger than the others [2].

However, analytical studies are not always able to represent all the possible different
scenarios which can be met during a drilling mission. While designing a sampling tool,
also unexpected events have to be taken into account. For example, the acquisition
mechanism can encounter soil’s areas characterized by higher density or soil’s grains with
shape and size different from the expected ones. Testing activities have to be performed
to ensure that the drill bit has to be able to overcome these situations allowing a safe
drilling. Moreover, through experimental simulations can be tested the ability of the tool
to acquire samples in the effective mission environment characterized by microgravity. In
fact, the latter can cause the instability of the mining system and anchoring techniques
have to be introduced in order to counteract the microgravity effect [33].
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Case study: Deimos soil

The aim of the thesis is to preliminarily design a miniaturized small body terrain sampler,
thus, which is able of working in a microgravity environment. Moreover, the main objec-
tive of the sampling mechanism is the analysis of asteroids soils. Hence, the Deimos soil
has been considered as the case study of this work. This because it has been discovered
that both Deimos and Phobos are covered by a regolith similar to the one found on D
and C-type (carbonaceous chondrites) asteroids [6].
Thanks to spacecrafts which have flown by or entered into orbit around Mars, such as
Mariner 9, Viking 1 and 2, and Mars Express missions, Deimos and Phobos have been
explored [12]. Vikings made many new discoveries about Deimos and Phobos, such as the
first mass determination showing their anomalies with respect to Mars and other asteroids
due to their low densities and the fact that, as also Mariner noticed, Phobos and Deimos
surfaces are covered by a fine-grained regolith of tens meters or more thickness [12]. Even
though both Martian moons surfaces have resulted to be mantled in dozens to hundreds
of meters of regolith [52], they show different surfaces characteristics, and Deimos surface
appears to be smoother as if it has loose material on its surface [64].
The Natural History Museum (NHM), together with ESA, has started the development
of a new European Space Agency Sample Analogue Collection and Curation Facility
(ESA2C) to support present and upcoming activities for technology improvement that
are required for both human and robotic exploration of Mars, Phobos, Deimos, C-Type
Asteroids and the Moon [37][61]. The analogue materials, which have to be developed,
must replicate as far as possible the expected geological environment of the target body
in terms of both geotechnical and mineralogical properties. In Table 1 have been reported
the physical parameters of the regolith as applicable for the sampling tool design for
Phobos, Deimos and C-type Asteroids, resulting from NHM and ESA studies [37][61].
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Regolith sample properties Values

Surface regolith (loose material vs solidified surface) loose material

Compressive strength (applicable to loose regolith) 0.3 - 30 MPa

Bulk density (sample material) 1.2 - 2 g/cm3

Sampled grain size µm - 3 cm

Shape any (rounded, tabular, elongated)

Intra particle cohesion forces 0.1 - 5 kPa

Angle of internal friction 20° - 40°

Surface temperature min -70°C, max +110°C

Table 1: Regolith sample properties analogue to Phobos, Deimos and C-type Asteroids
[37].

Thesis’ expected results and impact

The expected outcome of this thesis will be the preliminary design of all the components
that make up a compact and simple scientific architecture able of sampling and analyzing
a small amount of soil. Therefore, at the end of this research the preliminary design
of a miniaturized small body terrain sampler could be considered concluded, and the
obtained results will lead to next design phase. Being able of designing such a compact
architecture would be something innovative because asteroid mining has always been
developed exploiting large and complex instruments actuated by a significant amount of
power and housed in big rovers or satellites which are also more expensive than CubeSats.
The proposed sampling mechanism integrated with bio-marker analyzer will have reduced
dimensions, so it could be the payload of a CubeSat. Moreover, the TASTE mission, in
which a lander, housing the aforementioned scientific instrument named Surface Sample
Analyzer, with the goal of landing on Deimos surface, could be a possible application
case [34]. Since the proposed architecture will be studied as an independent and multi-
scenario analyzer it could become the payload of missions which have the goal of reaching
and studying various extraterrestrial soils, also different from the Deimos one. Eventually,
having different CubeSats, capable of sampling soil, will result in being able of sampling
different samples in a wide portion of the same soil, maybe also covering areas difficult to
reach through big rovers.
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Level Requirements

The main goal of the Surface Sample Analyzer is to acquire and in-situ analyze various
soil samples at different depths. In particular, the sampler is supposed to penetrate
the soil up to 2 or 3 cm depth to collect environmental pollution free samples. The
soil samples are transmitted upwards into the drill bit and directly delivered into the
experimental chamber. The latter is composed by a selector and an external shell. After
the acquisition and the analysis of a specific soil sample, the latter is expelled, and the
chamber is ready for acquiring another sample. The sampled soil analysis is performed
by a Lab-on-Chip, installed and levelled to the selector’s surface. To reach the desired
pressure and temperature condition to permit the LoC capillarity effect and to prevent
reagents degradation [39][40] and to seal the chamber, a pressurizer is injected into the
selector. Also, a solvent is injected to dilute the soil sample before the analysis. After
the analysis and before the discharge of the sampled soil, the chamber is depressurized to
allow the vaporization of the solvent.
The SSA has been assumed to be housed inside a small lander, which allows the system
to reach the soil to be sampled. For this reason the system has to be designed in order
to have dimensions of 1U CubeSat. Thus, due to its reduced size, the SSA has to be
characterized by a reduced mass and power consumption.
The application case of the Surface Sample Analyzer is the acquisition of asteroids soils.
Thus, the system has to be able to survive and work in vacuum, hence, in presence of
microgravity and out gassing condition. Moreover, the SSA components have to be kept
at a temperature between their operating temperatures range and have to be protected
from radiations.
If the lander, where the SSA is assumed to be housed, can be moved on the surface, which
has to be studied, the acquisition activity can be performed drilling different surface areas.
This has been considered as a nice to have requirement since its achievement strictly
depends on the lander design.
The aforementioned SSA High Level Requirements are listed in Table 1.1.
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ID Importance Verification Requirement
SSA-HLR-01 M T The product shall be able to sample soil

at different depths.
SSA-HLR-02 M T The product shall be able to analyze

the acquired soil samples.
SSA-HLR-03 M T The product shall be able to expel the

analyzed soil samples.
SSA-HLR-04 M T The product shall be able to handle in-

ert gas.
SSA-HLR-05 M T The product shall be able to handle liq-

uid.
SSA-HLR-06 M I The product shall have dimensions of

100x100x100 mm.
SSA-HLR-07 M I The product shall have a reduced mass.

SSA-HLR-08 M T The product shall require a reduced
power supply.

SSA-HLR-09 M T The product shall operate in micro-
gravity.

SSA-HLR-10 M T The product shall withstand out
gassing.

SSA-HLR-11 M T The product shall operate in its admis-
sible temperatures range.

SSA-HLR-12 M T The product shall be protected from ra-
diations.

SSA-HLR-13 M I The product shall be the payload of a
lander.

SSA-HLR-14 NH T The product should be able of mining
different surface areas.

Table 1.1: Surface Sample Analyzer High Level Requirements list.
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general configuration

In order to achieve the Surface Sample Analyzer goals, three different mechanisms be-
longing to the SSA have been identified. The first one is responsible for the rotation of
the selector inside the external shell of the experimental chamber, the second one regards
the translation of the experimental chamber and the third and last one is about the ro-
tation of the drill bit. The necessary components needed to satisfy each mechanism goal
are going to be presented in this chapter. It’s important to point out the fact that all
the components have to be housed inside a 1U CubeSat structure which protect them
from the outside and which have to maintain the payload shape. Moreover, the com-
ponents have to be connected through cables to receive the required power supply and
commands. Eventually, the components, cables and structure have to be made of space
proven materials to survive and operate in the analyzed mission environment.

2.1. Selector rotation mechanism components

The requirement of the selector rotation mechanism is to allow the selector to rotate
around its symmetric axis within the external shell of the experimental chamber. This to
align its hole to the feeding or discharge hole, to allow the acquisition of the sampled soil
or the expulsion of the analyzed sample respectively, or to assume a neutral configuration
during the soil sample analysis.
In order to satisfy the aforementioned goal of the mechanism, the following components
have to be designed:

• Selector. The important aspect of the selector is its material because it has to act
as a sealant when pressurized and to maintain the selector shape while rotating.
Moreover, the selector has to be able to handle both gas and liquid avoiding any
losses while operating in microgravity. Eventually, on the selector surface has to be
installed the LoC with its sensitive surface exposed within the chamber to allow the
analysis of the sampled soil.
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• Motor. The motor has to ensure the rotation of the selector against the friction
torque between the selector and the external shell of the experimental chamber. In
particular, a stepper motor will be selected because this kind of motors present very
simple open loop speed and position control, with a great accuracy of the stepping
angle, high reliability, long life, because there is no sliding electrical contacts, and
direct compatibility with digital control [45]. Moreover, stepper motors are ideal
for positioning and slow speed operation which perfectly fit with the purpose of the
selector rotation mechanism [45].

• Encoder. The stepper motor has to be coupled with an encoder to guarantee a
precise alignment between the hole of the stepper motor and one specific hole of the
external shell. In fact, the role of the encoder is to check the position of the stepper
motor rotor [16] in a closed loop control logic as depicted in Figure 2.1.

• Driver/Controller. It has to control the motion of the motor. The driver could
be also useful for reducing the step size of the motor through micro-stepping which
could prevent the stepper motor from jerky movements when a slow speed is required
[45].

• Motor + Encoder Case. The motor and the encoder are accommodated into a case
and through it are fixed to the external shell of the experimental chamber. This
because otherwise the motor case can rotate with its rotor.

• LoC. The analysis of the acquired soil can be developed thanks to the LoC.

• Pressure/Depression valve. The valve is exploited to reach the required pressure of
1 atm and temperature between 4° and 25°C to permit the LoC capillarity effect and
to prevent reagents degradation [39][40] but also to depressurize the chamber which
permits the vaporization of solvent after the analysis. Moreover, depressurizing the
chamber, the friction contributes, caused by the selector rotation, decrease.

• Solvent + Tank. The solvent is fundamental to dilute the soil sample before it is
analyzed by the LoC, and it has to be housed inside a specific tank able to avoid
any liquid losses.

• Inert gas + Tank. The inert gas has to force the selector to expand to seal the entire
chamber and to allow to reach the required operating condition of the LoC. A tank
is needed to house the inert gas avoiding possible gas losses due to microgravity.
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Figure 2.1: Closed loop control logic scheme.

2.2. Drill rotation mechanism components

The goals of this mechanism are basically two. The first is to provide the required torque
and angular velocity by the drill for a successful drilling activity. The second is to decouple
the rotation of the drill from the external shell of the experimental chamber, where the
drill bit is inserted. In fact, while the drill bit rotates the experimental chamber cannot
do the same.
In order to meet the aforementioned goals of the drill rotation mechanism the following
components have to be designed:

• Enclosed vertical screw conveyor. It’s a fundamental item in the sampling and
acquisition activity, and it has to be driven by a drilling motor during the activity.
Moreover, it has to convey a small quantity of soil to the experimental chamber to
be analyzed by the LoC. In fact, the latter requires only few grams of soil to develop
its analysis.

• Motor. The motor has to provide the necessary torque to the screw conveyor in
order to allow a successful drilling activity. A stepper motor has been chosen for
the benefits it can provide with respect to other kinds of motors, as already discussed
in section 2.1.

• Encoder. The stepper motor has to be coupled with an encoder to guarantee a
controlled rotation of the drill, while drilling, provided by the stepper motor.

• Driver/Controller. As already discussed in section 2.1, a driver coupled with the
motor encoder is a fundamental item to control the stepper motor motion through
a closed loop control logic.

• Motor + Encoder Case. The motor and the encoder are attached to the bottom
part of the external shell of the experimental chamber through a case. This because
otherwise the motor case can rotate with its rotor. The choice of having the motor
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coupled with the encoder on an axis parallel to the one of the drill has been de-
rived from the need of having a compact assembly composed by the experimental
chamber and the drill bit which can vertically translate inside the 1U SSA to en-
sure an optimal drilling activity. This kind of solution needs a power transmission
mechanism.

• Single stage spur gears. This allows the transmission of the required power by the
drill bit from the stepper motor to the drill itself. In order to have a very simple
power transmission, single stage spur gears have been chosen to have the minimum
quantity of the simplest gears type. In fact, the stepper motor drives the pinion and
is directly splined on its shaft. The pinion drives the gear and the latter is directly
splined on the drill bit.

• Bearings. Two bearings result to be fundamental in order to decouple the rotation
of the drill bit from the experimental chamber and to absorb the force caused by
both the drill bit and the single stage spur gears while drilling.

• Bearings Spacers. The two bearings must be spaced in order to better absorb the
aforementioned forces.

• Bearings + Bearings Spacers Case. The two bearings as well as the bearings spacers
must be housed inside a case and has to be attached, through it, to the external
shell of the chamber.

2.3. Chamber translation mechanism components

The main requirement of the chamber translation mechanism is to allow the translation
of the experimental chamber coupled with the drill bit. Of course, the translation involves
the whole experimental chamber comprehending the external shell, the selector and all
components attached to the chamber. The latters are the coupled motor and encoder
for the selector rotation and the coupled motor and encoder and its related power trans-
mission chain for the drill bit rotation. Eventually, also the liquid and inert tank, the
pressure/depression valve and the discharge apparatus has to be connected to the exper-
imental chamber.
In order to satisfy the aforementioned goal of the mechanism the following components
have to be designed:

• Linear actuator. A linear actuator is needed in order to allow the translation of the
experimental chamber coupled with the drill bit during the drilling activity.
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– Motor. A stepper motor has been chosen for the benefits it can provide with
respect to other kinds of motors, as already discussed in section 2.1.

– Screw. A screw which coupled with the stepper motor can provide the required
force and velocity during drilling has been selected.

– Bearing. The addition of a bearing, at the end of the screw, to absorb the
produced forces has been taken into account.

• Encoder. The stepper motor has to be coupled with an encoder to guarantee a
controlled motion of the experimental chamber and the drill bit provided by the
linear actuator.

• Driver/Controller. As already discussed in section 2.1, a driver is needed to regulate
the motion of the stepper motor.

• Motor + Encoder Case. The motor and the encoder are attached to one of the
internal surfaces 1U box housing all the components of the SSA through a case.
This because otherwise the motor case can rotate with its rotor.

• Bearing Case. The bearing exploited in the linear actuator has to be housed in a
case attached to one of the internal surfaces of the payload structure.

• Columns. The external shall of the chamber has to be guided in its translation
driven by the linear actuator.

• External shell of chamber. The external shell of the experimental chamber has to
be designed in order to have the necessary housings for the columns and the screw
of the linear actuator in order to be safely moved. On the bottom surface of the
external shell there must be two holes: one aligned with the enclosed conveyor,
to collect soil samples, and the other one to expel the residuals after the analysis.
While, on the top surface of the external shell there must be two inlets for the inert
gas and solvent, and one outlet for the depressurization.

• Discharge apparatus. It has to be connected to the external shell of the experimental
chamber to acquire the soil samples expelled after the analysis.
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3| Drill bit and Surface Sample

Analyzer design

3.1. Drill bit design

The design of a drill bit capable of conveying the sampled regolith directly from the
satellite surface to the experimental chamber will be presented in this chapter. In the
latter, also a simulant with similar chemical composition and geotechnical properties to
Deimos soil will be introduced. The selection of the characteristic dimensions of the
drill bit, the choice of the regolith simulant and the study of their interaction during the
drilling process will lead to the required thrust, torque and power by the drill to allow
a safe and reliable acquisition and sampling process. Moreover, the obtained values of
required thrust, torque and power will guide the mechanisms and subsystems design of
the Surface Sample Analyzer.

3.1.1. Leonardo testing campaign

A testing campaign developed by the Leonardo Robotics team in Nerviano [36] aimed to
study the drilling of a regolith simulant implying micro corers is going to be described in
this section. The implied tools in the campaign and the experimental results which have
been obtained will be the drivers for designing the drill bit and the mechanisms acting
during the drilling process.

UKAM micro corers

The commercial micro corers used during the testing activity are manufactured by UKAM
Industrial and feature a triple electroplated diamond layer which is applied along the
cutting edge. Although these drilling tools are manufactured in several sizes and up to
an outside diameter of 4”, only the three smallest versions have been tested during the
campaign:
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• 3EDCD1800: 1/8” of outside diameter

• 3EDCD3160: 3/16” of outside diameter

• 3EDCD1400: 1/4” of outside diameter

The three chosen tools can be visualized in Figure 3.1.

Figure 3.1: From left to right: 1/4", 3/16", 1/8" [36] - Courtesy of Leonardo.

For each version, five corers have been acquired and were available for the activity. In
Table 3.1, the manufacturer specifications are listed.
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Item No. Outside Diameter [inch] Shank Diameter [inch] Recommended Velocity [rpm]

3EDCD1800 1/8 (0.125) 1/4 2500

3EDCD3160 3/16 (0.187) 1/4 2500

3EDCD1400 1/4 (0.250) 1/4 2000

(a) UKAM micro corers specifications (1/2).

Drill Length [inch] Shank Length [inch] Rim Depth [inch] Drilling Depth [inch]

2-5/8 7/8 0.20 1.56

(b) UKAM micro corers specifications (2/2).

Table 3.1: UKAM micro corers specifications [36].

By default, the corers internal chamber is long as the corer itself, and it is open at both
ends. In order to evaluate the tools’ behavior, some corers have been modified by closing
the rear opening and by reducing the sampling chamber length to 10 or 20 mm. This has
made possible to perform different levels of oversampling at different depths, simply by
increasing the drilling depth beyond the nominal length of the chamber as is shown in
Figure 3.2.

Figure 3.2: Modified micro corers [36] - Courtesy of Leonardo.
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Also, a fourth corer type has been internally manufactured by SES and features the same
diameters of the SD2 drill sampling tool, which equipped the Philae lander in the frame
of the Rosetta mission. Differently from the other corers, this one is not equipped with
a diamond cutting edge. Two different versions were used for the tests: the first with a
20 mm-depth chamber, as shown in Figure 3.3, the second with a reduced 10 mm-depth
chamber.

Figure 3.3: SES "SD2 derived" corer dimensions [36] - Courtesy of Leonardo.

Lunar highland soil simulant

The main drilling and sampling material which have been used for the testing activity
was the lunar highland simulant called NU-LHT-2M. The simulant bulk material has been
tested at both ambient and low temperature, frozen it to about -170 °C with different
percentage of water content (0%, 5.9% and 11.9%).
Figure 3.4 reports the composition of several lunar simulants among which the above-
mentioned NU-LHT-2M.
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Figure 3.4: NU-LHT-2M mineralogy among other lunar simulants [55].

Figure 3.5 shows the geotechnical properties of NU-LHT-2M simulant with respect to
other lunar simulants.

Figure 3.5: NU-LHT-2M geotechnical properties among other lunar simulants [63].

Two different stocks of NU-LHT-2M, coming from two different suppliers, have been used
for the testing activity. The first simulant stock was supplied by the USGS, while the
second one has been more recently supplied by Zybek Advanced Products. Although these
two materials are theoretically supposed to be equivalent, they show significant differences
in terms of density, appearance and cohesiveness.
In particular:

• Density results to be approximately 10% higher for the Zybek material
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• Cohesiveness properties result to be significantly poorer for the Zybek material,
especially in dry conditions.

For the tests both materials have been used, especially with respect to the dry-soil con-
dition.

Testing session results and comments

Analyzing the experimental results of Leonardo testing session, reported in Figure 3.6,
different conclusions can be made 12:

• The required force, torque and power are not sensitive to the different chamber
lengths of the micro corers, so the lengths of the drilling tools can be chosen ac-
cording to the customer requirements. Moreover, generally the thrust increases by
increasing the coring depth, but this effect has been seen to be negligible in the
aforementioned bulk and dry materials. In fact, the reported results have been
obtained with different choke lengths of the corers reaching also depths few times
higher the nominal chamber length to develop oversampling. While, the increasing
of the thrust with the drilling depth becomes evident when solid materials are taken
into account.

• The required force, torque and power are independent of the corers external diam-
eter.

• The required force, torque and power have not shown influences from different values
of the vertical and rotational speeds.

• The required force, torque and power are similar for the two lunar regolith simu-
lants even tough they have slightly different characteristics and for the two testing
conditions at ambient and low temperature.

1Vertical speeds are influenced by Test Equipment limitations rather than on corer performances.
Vertical speeds up to 50 mm/min are feasible with similar level of thrust and torque.

2Experimental results showing very high values with respect to the others of the same testing sessions
are wrong and can be traced back to human or Test Equipment errors. These kinds of values will be
ignored.
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(a) USGS simulant - Dry - Ambient temperature.

(b) USGS simulant - Dry - Low temperature.

(c) Zybek simulant - Dry - Low temperature.

(d) Zybek simulant - Dry - Ambient temperature.

Figure 3.6: Results of Leonardo testing activity [36] - Courtesy of Leonardo.

The experimental values of thrust, torque and power obtained during Leonardo testing
campaign, reported in Figure 3.6, have been considered to lead the Surface Samples An-
alyzer mechanisms and subsystems design. This because the adopted lunar highland soil
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simulants during the testing activity presents similar geotechnical properties to Deimos
soil, as can be noticed comparing Figure 3.5 and Table 1. The drilling depths reached by
the micro corers during the test sessions respect the idea of sampling and acquiring soil
samples few centimeters below the soil surface of Deimos. Moreover, also the vertical and
rotational speeds of the drilling tools during the testing activity can be used as operating
references values for the Surface Sample Analyzer drill bit. Eventually, since the quantity
of soil sampled and delivered into the experimental chamber for the analysis has to be of
few grams, the external diameter dimensions of UKAM micro corers seem to satisfy this
requirement. As already mentioned, the sampled material has to be transported upwards
into the drill bit and directly delivered into the experimental chamber and this can not
be possible implying the UKAM micro corers. This because, in order to have the soil
samples reaching the chamber, more of the length of the drill tool and, as a consequence,
part of the 1U box containing all the components of the Surface Sample Analyzer, should
penetrate Deimos soil. In order to overcome the aforementioned problem, a small enclosed
vertical screw conveyor has been preliminarily designed as described in the next section.

3.1.2. Enclosed vertical screw conveyor design

The design of a vertical enclosed screw conveyor is fundamental in order to allow the
direct rising of the sampled material from the soil surface to the experimental chamber
through the penetration of only a part of the total length of the conveyor. This minimum
penetration depth is called choke length. For the purpose of the design, it’s important
to point out the fact that the screw conveyor has been considered to be attached to the
conveyor shell, designed as the UKAM micro corers. Thus, differently from standards
enclosed screw conveyors, the screw and the conveyor shell form a single entity.

Characteristic dimensions definition

The architecture and the characteristic dimensions of an enclosed screw conveyor are
depicted in Figure 3.7.
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Figure 3.7: Enclosed screw or auger conveyor variables [53]

The goal is to design an enclosed vertical screw conveyor capable of conveying the nec-
essary mass of soil inside the experimental chamber, in particular to the Lab-on-Chip, in
order to be studied. As already mentioned, the LoC required only few grams of sampled
soil to develop its analysis.
The design has been performed, according to [53], taking into account the expression of
the volumetric maximum theoretical throughput of the screw conveyor:

Qt =
π

4
((D + 2C)2 −Dc

2)(p− t)nL (3.1)

Qt is expressed in m3/s and considers the conveyor running 100% full and the bulk material
moving axially without rotation. This assumption has been made because for low values
of the rotational speed of the conveyor, as in this application, the actual throughput can
be replaced by the maximum theoretical one is shown in Figure 3.8.
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Figure 3.8: Throughput of an enclosed screw conveyor with respect to rotational speed of
conveyor [53]

The maximum theoretical throughput of the enclosed auger conveyor have been evaluated
considering the following inputs:

• D: the values of external diameters of drilling tools presented in Leonardo testing
activity [36]: 6.35 mm (1/4”), 4.76 mm (3/16”), 3.5 mm, 3.17 mm (1/8”).

• C: has supposed to be zero since the screw flight and the external shell of the
conveyor are one single entity.

• Dc: varying between 1 mm and D/2. These values have been chosen according to
reasonable shaft dimensions values for manufacturing.

• p: varying between 1/2D and D. This because usually standardized screw conveyors
for bulk materials present a standard pitch equal to D, a short pitch equal to 2/3D,
a half pitch equal to 1/2D or a long pitch equal to 1-1/2D [9]. The aforementioned
values have been taken as references even tough the dimensions of the actual screw
conveyor are not the standardized ones since it is smaller.

• t: 1 mm. As before, this value has been chosen according to a reasonable blade
thickness value for manufacturing.

• nL: the rotational speed of the screw conveyor: 50 rpm. This is also the rotational
speed at load taken as the maximum value from Leonardo testing activity [36].

It’s important to point out the fact that all these values are reasonable guesses of the
characteristic dimensions to realize a small screw conveyor, but an effective design of
the tool has to be developed exploiting both a mechanical and thermal analysis of the
components which make up the conveyor itself.
After the computation of the volumetric throughput for the different variables listed above,
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Qm, which is the throughput value in kg/s, has been obtained as follows:

Qm = ρQt (3.2)

where ρ: 1.705 kg/m3. This is the medium density of soil simulant NU-LHT-2M, exploited
in Leonardo testing activity [36], obtained through the maximum and minimum density
values reported in Figure 3.5.
The preliminary design of the screw conveyor has been developed in order to obtain
a small tool capable of giving the minimum mass quantity required by the LoC in a
reasonable amount of time. Thus, the time required to convey different mass quantities
Mmin of material, varying from 0.1 and 5 grams, according to the maximum throughput
of different screw conveyors, having different dimensions, has been computed as follows:

tmin =
Mmin

Qm

(3.3)

The obtained results have been depicted as isolines representing the required time to con-
vey the desired mass depending on the shaft diameter, the pitch and the screw diameter.
Some observations can be made:

• For constant D, Dc and p, increasing Mmin, tmin increases as well. This can be
noticed looking at Figure 3.9.

• For constant Mmin, Dc and p, increasing D, tmin decreases. This can be noticed
looking at Figure 3.10.

(a) D = 4.76 mm, Mmin = 0.1 g. (b) D = 4.76 mm, Mmin = 0.5 g.

Figure 3.9: Time at constant screw diameter and variable minimum mass.
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(a) D = 3.5 mm, Mmin = 0.1 g. (b) D = 4.76 mm, Mmin = 0.1 g.

Figure 3.10: Time at constant minimum mass and variable screw diameter.

Eventually, also the blade thickness has been changed around the aforementioned value of
1 mm, but it seems to be a non-influential parameter, especially when the screw diameter
increases.
The time tmin needed to convey the minimum required mass along a screw conveyor has
been evaluated considering different screw diameter D, 3.17 mm, 3.5 mm, 4.76 mm and
6.35 mm referring to Leonardo testing activity [36], pitch p equal to screw diameter and
the shaft diameter Dc, equal to 1.5 mm for the first three screws and 2 mm for the last
one. The obtained values are highlighted in Figure 3.11. The results are shown only for
Mmin= 1 because they vary linearly with it.

(a) D = 3.17 mm, Mmin = 1 g. (b) D = 3.5 mm, Mmin = 1 g.

(c) D = 4.76 mm, Mmin = 1 g. (d) D = 6.35 mm, Mmin = 1 g.

Figure 3.11: Time required to convey 1 g of soil through different conveyor configurations.
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The choke length lc, for each screw configuration, has been assumed equal to one time the
obtained pitch. This because, according to [54], at very slow speeds, as in the considered
case, a choke length of one screw pitch is sufficient to convey the required amount of grain.
The obtained results are reported in Table 3.2.

D [mm]

3.17 3.5 4.76 6.35

p [mm] 3.17 3.50 4.76 6.35

Dc [mm] 1.50 1.50 1.50 2.00

lc [mm] 3.17 3.50 4.76 6.35

tmin [min] 882.52 597.41 194.67 76.86

Table 3.2: Time required to convey 1 g of soil through different conveyor configurations.

It’s important to point out the fact that the preliminary design of the enclosed screw
conveyor is independent of the total length, L, of the screw conveyor itself. The length
of the screw conveyor, needed to allow a safe sampling and acquisition process, will be
selected later in the design process.

Thrust, torque and power definition

Introducing an enclosed vertical screw conveyor, the thrust and torque caused by its
motion as well as the required power for the drilling process have to be evaluated according
to [53].
The forces acting on particles in a screw conveyor and the velocity components are both
shown in Figure 3.12. As the screw rotates, a particle of bulk solid moves in a helical
path of opposite hand to that of the screw. Referring to Figure 3.13, VS is the tangential
velocity of the screw at the radius considered, VR is the relative velocity of the particle
with respect to the screw surface and VA is the absolute velocity of the considered particle.
The angle α is the helix angle of the screw at a generic radius r as:

α = arctan
( p

2πr

)
(3.4)

where p is, again, the pitch.
The angle λ defines the direction of the absolute velocity and thus, the helix angle of the
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path followed by the particles at a generic radius r; it is defines as:

λ < 90◦ − (α + ϕs) (3.5)

where ϕs is the friction angle between the bulk solid and the screw surface [53].

Figure 3.12: Conveying action [53]. Figure 3.13: Velocity diagram [53].

The tangential velocity of the screw conveyor VS at a radius r is defined by:

VS = ωLr (3.6)

where ωL is the rotational speed of the screw conveyor.
As can be noticed from Figure 3.13, the relative motion of a particle with respect to the
screw conveyor is represented by VR which is given by:

VR =
VS sinλ

sin(α + λ)
(3.7)

The absolute velocity of a particle is the vector addition of VS and VR and its magnitude
is given by:

VA =
VS sinα

sin(α + λ)
(3.8)

Eventually, the absolute velocity VA has two components: the useful conveying component
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VL and the wasteful rotational component VT and they are respectively given by:

VL =
VS sinα sinλ

sin(α + λ)
VT =

VS sinα cosλ

sin(α + λ)
(3.9)

The forces acting on a single particle in a vertical screw conveyor are depicted in Fig-
ure 3.12 and in Figure 3.14. In the latter, the absolute velocity of a particle is also shown.
As indicated in Figure 3.14, at an arbitrary radius r, a drag force ∆FD acts in a direction
opposite to the absolute velocity VA and is expressed as:

∆FD = µ∆FN (3.10)

where µ is equal to the internal friction coefficient of bulk solid if the particle is at radius
minor then the outer screw radius while is equal to the casing friction coefficient if the
particle is at the outer screw radius, hence, in contact with the conveyor shell [53].
The aforementioned drag force ∆FD has two components:

• ∆FDT : the tangential component, which when combined with the radius and inte-
grated over the screw surface provides the resistance torque.

• ∆FDA: the axial component, which is the component required to slide the material
along the conveyor casing and represents the axial force along the screw.

∆FA is the axial component of the particle weight of bulk material on the screw surface
but, since g ∼ 0 m/s2, in this specific case ∆FA = 0. As a consequence, ∆FR which is
the resultant force due to sliding on the screw surface has two components, tangential
and axial, which are function of the tangential and axial components of ∆FD respectively
[53]. Moreover, the helix angle λ can be stated as:

λ = 90◦ − (α + ϕs) (3.11)
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(a) Force on a particle. (b) Force diagram.

Figure 3.14: Forces acting on a granular particle [53].

According to [53]:

∆FN = ∆FNa +∆FNc (3.12)

where ∆FNa is the lateral normal force which depends on the particle weight, which is
negligible in this case, and ∆FNc which is the contribution due to the centrifugal force on
a particle with mass ∆M situated at a generic radius r, hence:

∆FN = ∆Mrω2
L

( tanα

tanα + tanλ

)2
(3.13)

Recalling Equation 3.10, the drag force has been obtained as stated:

∆FD = µ∆Mrω2
L

( tanα

tanα + tanλ

)2
(3.14)

Eventually, the medium axial force and torque have been computed, respectively, as fol-
lows:

FL = µMminω
2
LRM

( tanαM

tanαM + tanλM

)2
sinλM (3.15)

TL = µMminω
2
LR

2
M

( tanαM

tanαM + tanλM

)2
cosλM (3.16)

where:

• µ = tanϕi, where ϕi is the angle of internal friction of the chosen soil simulant. The
latter is ϕi = 38.5◦, referring to Figure 3.5, hence, the internal friction coefficient
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of the bulk material is µi = tanϕi = 0.8. While, the friction coefficient between
particles and screw usually varies between 0.1 and 1. Thus, it has been decided to
consider µ = µi = tanϕi = 0.8. As a consequence, ϕs = ϕi = 38.5◦.

• Mmin: varying between 0.1 and 5 grams. As before, it is the minimum mass quantity
of material which have to be conveyed into the experimental chamber.

• ωL = 2πnL

60
, where, as before, nL = 50 rpm.

• RM : the mean screw radius: RM = D/2+DC/2
2

.

• αM : at the mean screw radius: αM = arctan
(

p
2πRM

)
.

• λM : at the mean screw radius and with ϕs = ϕi: λM = 90◦ − (αM + ϕi).

As already done in subsubsection 3.1.2, axial force FL and thrust TL computations have
been developed for four screw conveyors having different screw diameters D, 3.17 mm,
3.5 mm, 4.76 mm and 6.35 mm referring to Leonardo testing campaign [36], pitch p equal
to screw diameter and the shaft diameter Dc equal to 1.5 mm for the first three screws
and 2 mm for the last one. The results are highlighted in Figure 3.15 and Figure 3.16
respectively. As before, the results are shown only for Mmin= 1 because they vary linearly
with it.

(a) D = 3.17 mm, Mmin = 1 g. (b) D = 3.5 mm, Mmin = 1 g.

(c) D = 4.76 mm, Mmin = 1 g. (d) D = 6.35 mm, Mmin = 1 g.

Figure 3.15: Thrust required to convey 1 g of soil through different conveyor configura-
tions.
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(a) D = 3.17 mm, Mmin = 1 g. (b) D = 3.5 mm, Mmin = 1 g.

(c) D = 4.76 mm, Mmin = 1 g. (d) D = 6.35 mm, Mmin = 1 g.

Figure 3.16: Torque required to convey 1 g of soil through different conveyor configura-
tions.

Eventually, PL, the power required by each micro corer to sample a minimum mass quan-
tity equal to 1 g has been computed as follows:

PL = TLωL (3.17)

The obtained power values PL have been computed considering different screw diameters
D, 3.17 mm, 3.5 mm, 4.76 mm and 6.35 mm referring to Leonardo testing campaign [36],
pitch p equal to screw diameter and the shaft diameter Dc equal to 1.5 mm for the first
three screws and 2 mm for the last one. The results are indicated in Figure 3.17. As
before, the results are shown only for Mmin=1 because they vary linearly with it.
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(a) D = 3.17 mm, Mmin = 1 g. (b) D = 3.5 mm, Mmin = 1 g.

(c) D = 4.76 mm, Mmin = 1 g. (d) D = 6.35 mm, Mmin = 1 g.

Figure 3.17: Power required to convey 1 g of soil through different conveyor configurations.

The obtained values of thrust, torque and power are reported in Table 3.3.

D [mm]

3.17 3.5 4.76 6.35

p [mm] 3.17 3.5 4.76 6.35

Dc [mm] 1.5 1.5 1.5 2

FL [mm] 2.40e-06 2.68e-06 3.72e-06 4.97e-06

TL [min] 5.24e-06 6.44e-06 1.21e-08 2.16e-08

PL [min] 2.72e-08 3.37e-08 6.35e-08 1.13e-07

Table 3.3: Thrust, torque and power required to convey 1 g of soil through different
conveyor configurations.

The obtained values of required thrust, torque and power by the designed enclosed vertical
screw conveyor are negligible with respect to the results of the testing activity developed
by Leonardo [36]. This because the aforementioned quantities have been computed for
an ideal theoretical case where all the losses have been ignored. Thus, the maximum
values of vertical force, torque and power, listed in Table 3.4, have been extrapolated
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from Leonardo testing activity and are summarized in Figure 3.6. These values have
been taken as reference to design the mechanisms allowing the drilling process performed
by the Surface Sample Analyzer. As already mentioned, experimental values of thrust,
torque and power showing very high values with respect to the others of the same testing
sessions are wrong and can be traced back to human or Test Equipment errors. For this
reason, they have been ignored.

vL [mm/min] FL [N] PL [W] nL [rpm] TL [Nm]

18 5 0.3 50 0.05

Table 3.4: Maximum results values from Leonardo testing activity [36]
.

Notice that PL has been evaluated through the power definition PL = TL2πnL

60
. Since the

maximum values of TL and nL, from Leonardo testing activity results [36], have been
taken into account, also PL represents the maximum value of the obtained powers from
Leonardo testing activity [36], excluding the very high values considered to be wrong.

Selected configuration and future developments

An enclosed vertical screw conveyor with features deriving from subsubsection 3.1.2, and
summarized in Table 3.5, has been assumed as the Surface Sample Analyzer drill bit. As
can be noticed from Table 3.5, the external diameter refers to the biggest UKAM micro
corers which have been involved in Leonardo testing campaign [36]. This allows to convey
a higher soil quantity in minor time with respect to the others micro corers.

D [mm] p [mm] Dc [mm]

6.35 6.35 2

Table 3.5: Surface Sample Analyzer drill bit dimensions
.

A specific configuration of the enclosed screw conveyor, involved in the sampling and ac-
quisition activity of the SSA, was fundamental to be selected. This because the design of
some SSA mechanisms depended on some features of the drill bit.
Further studies have to be conducted on the preliminarily designed enclosed screw con-
veyor. This because the selected configuration refers to features which have been estab-
lished through manufacturing assumptions. However, as already mentioned, it has to
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be verified that the designed conveyor is able to withstand both mechanical and ther-
mal stresses during the whole drilling activity. Thus, analytical studies also taking into
account all the possible sources of losses influencing the sampling activity have to be de-
veloped. This could provide also more accurate values of thrust, torque and power which
the screw conveyor has to provide while drilling. Moreover, numerical simulations and
testing activities have to be performed to ensure the effective conveyance of the required
soil’s quantity within the experimental chamber. This has to be verified even considering
unexpected scenarios such as the encounter of bigger soil’s grains or harder soil’s areas
with respect to the analyzed ones.

3.2. Surface Sample Analyzer design

In this section is going to be presented the preliminary design of the Surface Sample
Analyzed. The latter has been conducted to satisfy the High Level Requirements of the
system. Hence, not only mechanisms able to achieve the functional goals of the system has
been preliminarily designed, but also systems to protect the mechanisms’ components from
the external environment and to provide them the required power have been analyzed.

3.2.1. Configuration

A preliminary configuration of the Surface Sample Analyzer has been developed in Solid-
Works after the design of the components belonging to each of the three mechanisms
involved in the payload activity. The components have been arranged inside the 1U ex-
ternal structure of the SSA compatibly with their dimensions. Further analysis have to be
developed in order to ensure smooth movements of the components during the sampling
and acquisition activity. This, especially during the downwards and upwards translation
of the experimental chamber to avoid any risk of tilting of the latter.
The configurations of the Surface Sample Analyzer in two different Mission Phases are
shown in Figure 3.18. About 15% of the total 1U volume is the occupied percentage by
the preliminary designed components which have been implied to provide a possible SSA
configuration.
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(a) SSA during Resting Phase. (b) Maximum admissible translation of chamber
and drill bit.

Figure 3.18: Different configurations of the Surface Sample Analyzer.

To identify each component of the Surface Sample Analyzer, reported in Figure 3.19, two
exploded views of the payload are shown in Figure 3.20. As can be noticed from the
latter, there are still missing items which have not been designed yet, and consequently,
included in this preliminary SSA configuration. These components are drivers/controllers,
the discharge apparatus, the two tanks housing the solvent and the inert gas, the pres-
sure/depression valve and the cables required by each SSA component. This because the
design of the cited components and their specific position within the 1U structure strictly
depends on the position of the SSA inside the 3U lander and also on the relative position
between the SSA analyzer components and the lander subsystems.
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Figure 3.19: SSA components list with relative labels.
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(a) Exploded view of the SSA (1/2).

(b) Exploded view of the SSA (2/2).

Figure 3.20: Exploded views of the Surface Sample Analyzer with components labels.

A sectional view of the enclosed vertical screw conveyor is shown in Figure 3.21 to display
how it has been preliminarily designed.
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Figure 3.21: Sectional view of the enclosed screw conveyor.

3.2.2. Mechanisms design

The components belonging to the three Surface Sample Analyzer mechanisms are going
to be designed considering their dimensions constrained by the fixed 1U size of the whole
Surface Sample Analyzer. The external structure of the SSA has been assumed made
of aluminum ISO AL 99.5 and has been preliminarily designed with 2 mm thicknesses
[58]. Eventually, the components design has the scope of leading to the choice of COTS
products when possible.

Selector rotation mechanism design

The design of the selector rotation mechanism components has been developed focusing
on the friction torque generated during the selector rotation. The friction torque is caused
by three main contributes:

• P : the pressure inside the chamber which is the one reached thanks to the pres-
sure/depression valve. This pressure has been hypothesized as uniformly distributed
and constant in each point of selector internal surfaces as shown in Figure 3.22.
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• Fc: the centrifugal force due to the uniform circular motion of the selector. Notice
that for very low angular speeds this contribution can be negligible.

• Fg: the weight force of the selector. This has been neglected since on Deimos the
acceleration of gravity is very low, g = 0.003 m/s2.

Figure 3.22: Forces acting on the selector.

The friction force, and consequently the friction torque, acting between the external sur-
faces of the selector and the internal ones of the external shell has been investigated
recalling the definition of friction force:

FF = µFN (3.18)

where FN is the resultant of the forces acting normal to the surface.
The friction torque acting on the lateral surface of the selector results from the contri-
butions of the pressure and the centrifugal force as they both act perpendicularly on it.
This can be noticed from Figure 3.22 and leads to the following expression:

TFL
= µ(PAL + Fc)t ∧Rn = −µ(P2πR2H +Mω2R2)k (3.19)

While, referring again to Figure 3.22, the friction torque acting on the base of the selector
derives only from the contribution of the pressure because the centrifugal force acts parallel
on it:

T FB
=

∫ R

0

µP∆ABt ∧Rn = −µP2π
R3

3
k (3.20)

The total friction torque has been derived from Equation 3.19 and Equation 3.20 as
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follows:

T FTOT
= T FL

+ T FB
= −µ(P2πR2H +Mω2R2 + P2π

R3

3
)k (3.21)

The evaluated friction torque defines the torque which the motor has to provide in order
to allow the relative rotation of the selector with respect to the fixed external shell. In
fact, the motor has to provide a torque equal and opposite to the obtained one due to
friction contributions. The choice of the motor has been conducted applying a minimum
uncertainty factor according to ESA ECSS [59]:

TM = 2 · 3 · TFTOT
= µ(P2πR2H +Mω2R2 + P2π

R3

3
) (3.22)

where TM is the torque provided by the stepper motor.
The reduced size of the Sample Surface Analyzer represents a constraint for the length of
the motor which can be housed inside it. The different stepper motors which have been
taken into consideration thanks to their sizes, from the Faulhaber online catalog [25], are
listed in Table 3.6 with their dimensions: diameter dM and length LM .

Motor dM [mm] LM [mm]

DM0620 6 9.5

AM0820 8 13.8

AM1020 10 15.9

DM1220 12 17.6

AM1524 15 16.4

AM2224 22 27.7

AM2224R3 22 30.9

Table 3.6: Dimensions of suitable motors [24][19][20][21][27][28][22].

In Figure 3.23 are reported the motor curves of suitable stepper motors listed in Table 3.6.



40 3| Drill bit and Surface Sample Analyzer design

(a) DM0620 operation areas [24]. (b) AM0820 operation areas [19].

(c) AM1020 operation areas [20]. (d) DM1220 operation areas [21].

(e) AM1524 operation areas [27]. (f) AM2224 operation areas [28].

(g) AM2224R3 operation areas [22].

Figure 3.23: Operation areas of suitable motors - Courtesy of Faulhaber.
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As can be noticed from Figure 3.23, all the available stepper motors are capable of working
at high angular velocities which is not a requirement for the selector rotation mechanism.
Thus, the maximum angular velocity which each motor can reach has not been considered
as a relevant factor in the selection of the stepper motor.
The list of suitable stepper motors has been further reduced to have a motor with a TRL ≥
3, which mean having an already space proven item, and compatible with an encoder with
the same TRL. According to this, the stepper motors AM1524 and AM0820 have turned
out to be two possible candidates. Moreover, these two stepper motors have been chosen
in their configuration equipped with two preloaded ball bearings (RC) to be suitable for
vacuum/low temperature [19][27] and to withstand the mechanical environment during
launch and throughout the mission [59].
The possible couples of stepper motor and encoder are listed in Table 3.7.

Motor + Encoder dM+E [mm] LM+E [mm] LCABLES [mm]

AM0820RC+IEM3-1024 8 24.1 80 (not adjustable)

AM1524RC+AE23B8-01 16 28 adjustable

Table 3.7: Dimensions of stepper motors coupled with respective encoders [23][25].

As can be noticed from Table 3.7, the first couple has a too long not adjustable length
of cables. For this reason the second couple, AM1524RC+AE23B8-01, has been chosen.
Furthermore, the encoder has been chosen with the -01 option: PTFE cables (instead of
PVC) for out gassing reasons [27].
Having identified a suitable stepper motor, the goal is to define at which pressure ranges
the depression valve has to work in order to allow the selector rotation against the friction
torque:

P =
TM

2 · 3 · µ(2πR2H +Mω2R2 + 2πR3

3
)

(3.23)

The pressure values P , at which the valve has to operate, have been evaluated considering
the following inputs:

• µ: varying between 0.1 and 2.2. This because different materials which are usually
exploited as sealants in space applications have been investigated3, and their spe-
cific friction coefficients are reported in Table 3.8, Table 3.9 and Table 3.10. An
important note is about the fact that due to a lack of specific friction coefficients

3Materials having fair or limited space applications have been excluded.
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for each material, the friction coefficients have been associated to materials focusing
on their type and composition reported in [58]. Moreover, another relevant aspect
for the identification of the sealants friction coefficients has been the fact that the
external shell of the experimental chamber has been assumed to be made of alu-
minum, specifically ISO AL 99.5, in order to be light and resistant to corrosion and
stress corrosion [58].

Rubbers and elastomers

Material µ [-]

VHDS 0.5− 2.2

Viton B910 0.25− 0.3

Table 3.8: Rubbers and elastomers friction coefficients [3][50][32][65].

Potting compounds, sealants and foams

Material µ [-]

CV-1142 0.9− 1.1

CV-2566 0.8− 1.7

D.C. 6-1104 0.5− 2.2

RTU 566 0.9− 1.1

Table 3.9: Potting compounds, sealants and foams friction coefficients [30][35][3][50][32].

Thermoplastics

Material µ [-]

PTFE 0.16− 0.25

Table 3.10: Thermoplastics friction coefficients [5][7].

• R: varying between 25 and 45 mm due to size constraints on the selector radius.

• H: varying between 10 and 30 mm due to size constraints on the selector height.

• ω: about 15 rpm. Since when the selector rotates from feeding to neutral configu-
ration has to cover 90° and then the same angle has to be covered from neutral to
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discharge position, no high angular velocities have been considered. For this reason,
the contribution of friction torque caused by the centrifugal force is quite absent.

• M : has been supposed to be the selector mass considering PTFE density which is
the material with the higher density among the others reported above, as can be
noticed from [58], even though up to now the effective type of selector material is
unknown. The selector volume has been computed considering the aforementioned
values of radius and height, R and H respectively, and assuming 2 mm of thickness.
As a consequence of the chosen ω, the mass contribution is quite negligible.

• TM : varying between 0.5 and 3 mNm. These are all the possible torque values which
AM1524RC can provide considering a maximum angular velocity of 250 rpm as can
be seen from 3.23e.

Different isolines representing different pressure values for different selector sizes, different
friction coefficients and available motor torques have been shown plotting the obtained
results. As can be expected:

• For constant µ and TM , increasing R and H, P decreases. This can be noticed in
each subplot of Figure 3.24 and Figure 3.25.

• For constant TM , R and H, increasing µ, P decreases. This can be noticed looking
at Figure 3.24.

• For constant µ, R and H, increasing TM , P increases. This can be noticed looking
at Figure 3.25.

(a) TM = 0.5 Nmm, µ = 0.1. (b) TM = 0.5 Nmm, µ = 0.2.

Figure 3.24: Pressure at constant motor torque and variable friction coefficient.
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(a) TM = 0.5 Nmm, µ = 0.1. (b) TM = 1 Nmm, µ = 0.1.

Figure 3.25: Pressure at constant friction coefficient and variable motor torque.

The proper selector material has been selected taking into account two aspects. The first
one refers to the out gassing requirements, in particular RML < 1% and CVCM < 0.1%

according to ESA ECSS [57]. The other one involves the thermal expansion coefficient
which has to be as similar as possible to the one of the material of the external shell: ISO
Al 99.5 (CTE = 24x10−6°C−1). The CTE of the investigated materials are reported in
Table 3.11, Table 3.12 and Table 3.13. As for the friction coefficients, the missing CTE
in [58] have been chosen to refer to material type and composition.

Rubbers and elastomers

Material CTE [10−6°C−1]

VHDS 342

Viton B910 160

Table 3.11: Rubbers and elastomers thermal expansion coefficients [13][65].

Potting compounds, sealants and foams

Material CTE [10−6°C−1]

CV-1142 200

CV-2566 310

D.C. 6-1104 387

RTU 566 200

Table 3.12: Potting compounds, sealants and foams thermal expansion coefficient [58][29].
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Thermoplastics

Material CTE [10−6°C−1]

PTFE 100

Table 3.13: Thermoplastics thermal expansion coefficient [58].

PTFE results to be the best material for both thermal expansion coefficient, as shown in
Table 3.11, Table 3.12, Table 3.10, and out gassing properties, as reported in [58].
The evaluated pressure ranges, at which the chamber has to be depressurized, considering
selector dimensions as R = 35 mm and H = 15 mm, selector material as PTFE and
ω= 15 rpm at the aforementioned different values of TM are depicted in Figure 3.26 and
Figure 3.27 and summarized in Table 3.14.

(a) TM = 0.5 Nmm, µ = 0.1. (b) TM = 0.5 Nmm, µ = 0.2.

(c) TM = 1 Nmm, µ = 0.1. (d) TM = 1 Nmm, µ = 0.2.

Figure 3.26: Pressure considering different motor torque and PTFE friction coefficient
(1/2).
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(e) TM = 1.5 Nmm, µ = 0.1. (f) TM = 1.5 Nmm, µ = 0.2.

(g) TM = 2 Nmm, µ = 0.1. (h) TM = 2 Nmm, µ = 0.2.

(i) TM = 2.5 Nmm, µ = 0.1. (l) TM = 2.5 Nmm, µ = 0.2.

(m) TM = 3 Nmm, µ = 0.1. (n) TM = 3 Nmm, µ = 0.2.

Figure 3.27: Pressure considering different motor torque and PTFE friction coefficient
(2/2).
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TM [Nmm] P [bar]

0.5 2x10−5−4x10−5

1 4x10−5−8x10−5

1.5 6x10−5−0.00012

2 8x10−5−0.00016

2.5 0.0001-0.0002

3 0.000125-0.00024

Table 3.14: Pressure inside the chamber at different motor torques.

In order to reduce the difference between the chamber pressurized condition during anal-
ysis around 1 atm and when its depressurized, the last couple of values in Table 3.14 have
been chosen. The operating point of stepper motor AM1524 is depicted in Figure 3.28.

Figure 3.28: AM1524 OP [27] - Courtesy of Faulhaber.

The chosen selector dimensions, especially the assumed thickness, have been identified
as admissible values from a manufacturing point of view, but they have to be confirmed
through mechanical analysis. Moreover, the sealing capability of PTFE selector has to be
tested in order to ensure that nothing can enter of exit through it during the soil samples
analysis. As already pointed out, the selector has been preliminarily designed as an open
on top cylinder with a hole on the base. This to allow the entrance or the exit of the
samples soil. Thus, to permit a safe soil acquisition, the hole has been designed with a
diameter of 6.35 mm, equal to the external diameter of the preliminarily designed Surface
Sample Analyzer screw conveyor.
As already pointed out, a driver able of reducing the step size of the chosen stepper
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motor, AM1524RC, through micro-stepping could be useful to ensure a smooth selector
rotation at the selected angular velocity of 15 rpm. Also, it’s fundamental to have a
driver/controller to guide and control the stepper motor motion. For this reason, the
1-axis driver/controller MCST 3601, compatible with AM1524RC stepper motor, has
been exploited even though it has to be tested for space application. The identified
driver/controller presents compatible dimensions with respect to the 1U external structure
of the SSA. MCST 3601 results to be a sort of rectangular solid and its dimensions are
summarized in Table 3.15.

Base [mmxmm] Height [mm]

68x47.5 13

Table 3.15: MCST 3601 dimensions [26].

Once the suitable stepper motor, coupled with its encoder, has been identified, a cylindri-
cal shaped case housing both of them has been preliminarily designed taking into account
the diameter and length obtained by the coupling of the two, reported in Table 3.7 and
assuming thicknesses equal to 2 mm. Moreover, the case has been considered made of the
same material of which is made the external shell of the experimental chamber, ISO AL
99.5.

Drill rotation mechanism design

The rotation of the drill bit has been ensured by the exploitation of single stage spur
gears driven by a stepper motor. Moreover, the independent rotation of the drill bit with
respect to the external shell of the experimental chamber has been permitted by rolling
bearings.
A brief dissertation about how the bearings have been chosen and about their features
and characteristic dimensions is fundamental before proceeding with the spur gears design.
The selection of bearings type has been lead by the application in which the bearings are
involved. In fact, bearings for space applications have to be made of materials resistant
to the extreme mission environment, such as vacuum, high temperatures and corrosion.
These conditions allow only the use of bearings with solid lubricants while usually oil or
grease lubricants are employed. Among all the available bearings types from SPACEA
online catalog [48], developed by NSK, the ones belonging to YS high temperature bear-
ings with spacer joints have been selected. This family of bearings has been chosen thanks
to its specifications, reported in 3.29b and operating features listed below.
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(a) YS high temperature bearings
drawing - Courtesy of NSK.

Components Material

Outer/Inner rings Martensite stainless steel

Balls Martensite stainless steel and MoS2 coating

Cage Lubricating spacer joints (sintered alloy)

Lubricant MoS2 soil lubricant

Shields Austenite stainless steel

(b) YS high temperature bearings materials.

Figure 3.29: YS high temperature bearings specifications [48].

The operating features of YS high temperature bearings with spacer joints [48]:

• Grease-free, MoS2 solid lubrication.

• Usable in vacuum up to 10−8 Pa and temperature up to 350°C.

• Operating life is 10 times longer than conventional high-temperature solid-lubricant
bearings.

Another important aspect for the bearings choice has been the dimension of the external
diameter of the drill bit which has to be equal to the internal diameter of the bearing to
ensure a correct working of the latter. As discussed in subsubsection 3.1.2, the drill bit
has been preliminarily designed as an enclosed screw conveyor with the external diameter
equal to 6.35 mm. As a consequence, bearings named R4LZZC3-HMST4, belonging to
YS high temperature bearings with spacer joints family, and with dimensions reported in
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Table 3.16 have been identified. The bearing dimensions symbols refer to Figure 3.30.

(a) Drawing of bearing in free configura-
tion.

(b) Drawing of bearing in mounted config-
uration.

Figure 3.30: Bearing drawing in its free and mounted configuration [49] - Courtesy of
NSK.

da [mm] Da [mm] B [mm] ra min [mm] db max [mm] Db min [mm] rb max [mm]

6.350 15.875 4.978 0.3 8.4 13.8 0.3

Table 3.16: Bearing dimensions when free and when mounted [49].

The basic load rating Cr and the basic static load rating C0r of bearing named R4LZZC3-
HMST4 are reported in Table 3.17.

Cr [N] C0r [N]

1258 493

Table 3.17: Basic load rating and basic static load rating of R4LZZC3-HMST4 [48].

Once the dimensions and loads rating of bearings involved in the mechanism were known,
the design of single stage spur gears have developed as described in [56]. The torque and
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angular speed values required by the drill, deriving from subsubsection 3.1.2, are reported
in Table 3.18. These parameters have led the design of the drill rotation mechanism.

nL [rpm] TL [Nmm]

50 50

Table 3.18: Drill motor design parameters

The first thing to consider, while designing the power transmission devices is the fact
that, only a part of the power provided by the motor reaches the load due to spur gears
efficiency η as follows:

η =
PL

PM

=
TLωL

TMωM

(3.24)

where:

• PL: the required power at load.

• PM : power provided by the stepper motor.

• TL: the required torque at load, reported in Table 3.18.

• ωL = 2πnL: the required angular velocity at load, where nL is reported in Table 3.18.

• TM : the required torque at motor.

• ωM = 2πnM : the required angular velocity at motor.

The spur gear ratio u is stated as:

u =
ωM

ωL

(3.25)

Thus, Equation 3.24 and Equation 3.25 leads to the torque and angular velocity at motor
as follows:

TM =
TL

uη
ωM = uωL (3.26)

where:

• u: varying between 1:1 and 1:10. This because gear ratio values up to 1:10 are
suitable for single stage spur gears while double stage spur gears are implied when
a gear ratio higher than 1:12 is required.

• η: 95%. This is due to non-perfect alignment of the parallel axis spur gears and
friction contributions between gears [56].
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The following observation has lead to a preliminary definition of only few suitable stepper
motors among the available ones presenting compatible dimensions with the 1U size of the
Surface Sample Analyzer. Considering a maximum admissible value of gear ratio of 1:10
can be translated into the need of having a motor capable of working at TM = 5.3 mNm
and nM = 500 rpm. Only the stepper motor AM2224 and AM2224, from the available
motors list in Table 3.6 are able to satisfy the aforementioned requirements as can be
noticed looking at Figure 3.23.
Single stage spur gears have been designed exploiting synthetic stress factors, as described
in [8], which are useful to have a preliminary idea about gears design. These factors
are simple indicators which depends on only few parameters and from which the gears
dimensions can be obtained depending on the power transmitted by gears, the gear ratio
and the material of gears. Moreover, synthetic stress factors have limit values, depending
on the chosen material, which gives information about the project feasibility.
The synthetic stress factors are:

• Tooth root synthetic factor UL, and it deals with the bending strength:

UL =
Ft

bm
(3.27)

where:

– Ft = FtM = FtL = 2TM

dp1
= 2TL

ηdp2
: tangential force at teeth contact.

– b: wheel band width.

– m: module.

• Surface synthetic factor K, and it deals with the contact fatigue strength:

K =
Ft

dp1b

(
1 +

z1
z2

)
=

Ft

dp1b

(
u+ 1

u

)
(3.28)

where:

– dp1: pinion reference diameter.

– z1, z2: pinion and gear teeth number respectively.

The design of single stage spur gears with synthetic stress factors has been developed
going through the following steps:

1. Definition of the torque and angular speed required by the load, TL and ωL.

2. Definition of the efficiency of spur gears η.
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3. Choice of a guess value for single stage spur gears ratio u up to 10:1, according the
reason explained above.

4. Computation of the torque and angular velocities which have to be provided by the
stepper motor, TM and ωM as stated in Equation 3.26.

5. Definition of the minimum inter-axis of spur gears a. This value is dictated by
the external diameter of the case where the chosen stepper motor coupled with its
encoder is housed and the external diameter of the case containing the two bearings.
In fact, a minimum distance between two parallel axis of the drill motor and the
drill itself is required to avoid interference between the two aforementioned cases.
For this reason, the bearings choice as well as a preliminary study about a suitable
stepper motor have to precede the spur gears design or have to be performed together
with it.

6. Choice of the guess values of the two synthetic stress factors UL and K respecting
their limit values indicating them as U∗

L and K∗.

7. Computation of the reference diameters of pinion and gear, dp1 and dp2 respectively,
as follows:

dp1 =
2a

u
dp2 = udp1 (3.29)

8. Computation of the band width b from Equation 3.28.
If b ≥ bmin it can be taken, otherwise it has to be replaced with bmin.

b =
1

K∗
2TM

dp21

(
u+ 1

u

)
bmin =

dp1
10

(3.30)

9. Computation of the module m from Equation 3.27 as follows:

m =
2TM

dp1bU∗
L

(3.31)

The obtained module must be as near as possible to one of the standard module
values.

10. Computation of the teeth number of pinion and gear, z1 and z2 respectively.

z1 =
dp1
m

z2 = uz1 (3.32)

• The teeth number has to be an entire value.
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• z1 and z2 are preferred to be relative prime numbers.

• z1 ≥ zmin is the minimum number of teeth of pinion free of undercutting.

zmin =
2

sin2 αP

(3.33)

where αP is the pressure angle and usually αP = 20°, hence, zmin = 17.

The aforementioned steps have been repeated changing the guess values cited in item 3
and item 6 until:

• Manufacturer feasibility of pinion and gear in terms of dp1 and dp2 has been ob-
tained.

• The value of module m was very similar to one among the standardized module
values.

• z1 ≥ 17.

Eventually, the output of the steps procedure, reported above, have lead to the compu-
tation of the missing quantities for the complete spur gears design as stated:

ha = m hf = 1.25m h = ha + hf = 2.25m (3.34)

pf = 0.2m p = πm pb = p cosαP = πm cosαP (3.35)

dbi = mzi cosαP dai = (zi + 2)m dfi = (zi − 2.5)m (3.36)

gαP
= 1

2
m

[√
(z1 + 2)2 − (z1 cosαP )2 +

√
(z2 + 2)2 − (z2 cosαP )2 − (z1 + z2) sinαP

]
(3.37)

ϵαP
=

gαP

pb
= 1

2π cosαP

[√
(z1 + 2)2 − (z1 cosαP )2 +

√
(z2 + 2)2 − (z2 cosαP )2 − (z1 + z2) sinαP

]
(3.38)

For a regular gearing, hence, a continuous and not intermittent gearing, ϵαP
must be

greater than 1 and it’s usually between 1 and 2.

To design single stage spur gears of SSA, the imposed limit values of UL and K are
reported in Table 3.19.
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UL [MPa] K [MPa]

50 - 70 2.8 - 5

Table 3.19: Limit values of synthetic stress factors UL and K [8].

The reasons why these specific values have been taken into account are justified below
and refer to Figure 3.31.

• Indicative values of UL range from 50 up to 70 MPa when surface hardened materials
are considered.

• Guide values which can be assumed by K are summarized in Figure 3.31. In space
applications it’s common to employ stainless steels. Among these, only marten-
sitic stainless steels can be hardened with induction which have lead to consider K
varying between 2.8 and 5 MPa.

Thus, from the aforementioned observations, spur gears have been considered made of
martensitic stainless steel which has been hardened with induction and which passed stress
corrosion cracking test. The latter qualifies the material specifically for space applications.

Figure 3.31: Indicative values of K and UL for different materials [8].

Then, the values of standard module according to DIN-780 Part 1 [10], reported in Fig-
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ure 3.324, and the input values, listed in Table 3.20, have been exploited.
These values of module and inputs have been set, after different iterations of the design
process described above, since they allow to achieve the best results and consequently the
aforementioned goals, about manufacturer feasibility, module and minimum number of
pinion teeth, which permit to design spur gears in accordance with the standards.

Figure 3.32: Standard module values [10] - Courtesy of DIN.

TL [Nmm] nL [rpm] u [-] η [%] TM [Nmm] nM [rpm] a [mm] U∗
L [MPa] K∗ [MPa] αP [deg]

50 50 3 95 17.5 150 25 55 3 20

Table 3.20: Inputs of single stage spur gears design.

Having performed rounding and adjustments, the power transmission chain results to be
characterized by the parameters reported in Table 3.21, which have been defined by spur
gears design. The results refer to features reported in Figure 3.33.

4The modules of series I should be preferred to the modules of series II. The modules in brackets of
series II are intended for special purposes [10].



3| Drill bit and Surface Sample Analyzer design 57

(a) Single stage spur gears drawing. (b) Gear drawing.

Figure 3.33: Spur gears features [56] - Courtesy of SDP/SI.

ueff [-] aeff [mm] meff [mm] beff [mm] dp1eff [mm] dp2eff [mm] z1eff [-] z2eff [-]

3.00 25.03 0.05 1.25 12.50 37.55 250 751

Table 3.21: Outputs of single stage spur gears design.

From parameters in Table 3.21, the parameters reported in Table 3.22 have been com-
puted.

ha [mm] hf [mm] h [mm] p [mm] pb [mm] pf [mm]

0.05 0.063 0.11 0.16 0.15 0.010

(a) Additional outputs of single stage spur gears design (1/2).

db1 [mm] db2 [mm] da1 [mm] da2 [mm] df1 [mm] df2 [mm] gαP
[mm] ϵαP

[-]

11.75 35.29 12.60 37.65 12.38 37.43 0.29 1.94

(b) Additional outputs of single stage spur gears design (2/2).

Table 3.22: Additional outputs of single stage spur gears design.
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As can be noticed from Table 3.20, a gear ratio equal to 3:1 has been chosen requiring TM

= 17.5 mNm and nM = 150 rpm. This has been assumed even tough it requires having
motors AM2224 or AM2224R3 supplied with higher values of their nominal voltage, as
shown in 3.34a and 3.34b. Alternatively, a stepper motor bigger than AM2224 or even
AM2224R3 should have been taken in consideration. This couldn’t be an option since
the motor diameter would have been too big to be placed on the bottom part of the ex-
ternal shell of the experimental chamber and between the other needed components. It’s
important to remind that the stepper motor allowing the drill rotation will be placed, as
already said, on the bottom part of the chamber and with its axis parallel to the drill one.
Thus, the stepper motor length, increased by the coupling of the motor with a compatible
encoder, has to be such as to enable the translation of the experimental chamber coupled
with the drill. In particular, the stepper motor must remain inside the SSA structure for
the whole duration of the chamber translation.
There would be also another possibility to avoid the exploitation of AM2224 and AM2224R3
supplied with their non-nominal voltage. The gear ratio u can be incremented up to 10:1
but having a minimum value of the inter-axis a, due to the dimensions of the two admis-
sible stepper motors previously identified, AM2224 and AM2224R3, and the dimensions
of selected bearings named R4LZZC3-HMST4, the pinion reference diameter would reach
unfeasible or at least difficult value to be manufactured. For the same reason, the stan-
dard modules belonging to DIN-780 Part 1 [10] have been investigated as they are lower
values with respect to others standardized modules.
Thus, both of the two aforementioned alternatives has resulted to be less advantageous
with respect to the exploitation of AM2224 and AM2224R3 supplied with higher voltage
with respect to their nominal values. Of course, between AM2224 and AM2224R3, the
stepper motor AM2224 has been chosen since it’s the smallest one for the same perfor-
mances as can be noticed from 3.34a and 3.34b.
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(a) AM2224 OP [28]. (b) AM2224R3 OP [22].

Figure 3.34: Operating point of AM2224 and AM2224R3 - Courtesy of Faulhaber.

The chosen stepper motor, AM2224, presents the positive aspects that it can be coupled
with an encoder still obtaining compatible dimensions with SSA size constraint, as re-
ported in Table 3.23, and that it is available also in the option AM2224RC equipped with
preloaded ball bearings named RC. While, the negative aspect is that both the motor and
the encoder don’t satisfy the TRL requirement, and they have to be modified for space ap-
plications. Moreover, the motion of the selected stepper motor can be controlled through
the 1-axis driver/controller MCST 3601. The latter has to be tested for space application
because, as the selected stepper motor and encoder, it doesn’t fulfill the required TRL.

Motor + Encoder dM+E [mm] LM+E [mm] LCABLES [mm]

AM2224RC+PE22-120 22 38 adjustable

Table 3.23: Dimensions of AM2224RC coupled PE22-120 [17].

As already pointed out, the diameter dM+E, reported in Table 3.23, has contributed to
determine the minimum inter-axis a exploited in the spur gears design and reported in
Table 3.20.

The pinion and gear tangential and separating force at the gear meshing point, FtM , FsM

and FtL , FsL , have been calculated as follows [44]:

FtM = FtL =
9550000PM

nM

(
dp1
2

) =
9550000PL

ηnL

(
dp2
2

) (3.39)

FsM = FsL = FtM tanαP (3.40)
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where:

• PM = TMωM , PL = TLωL: transmitted power in kW, with ω = 2πn, from Table 3.20.

• nM , nL: angular speed at motor and at load respectively, from Table 3.20.

• dp1, dp2: pinion and gear reference diameter respectively, from Table 3.20.

• αP : gear pressure angle, from Table 3.20.

Exploiting the same inputs implied in single stage spur gears design, reported in Table 3.20
and the obtained results reported in Table 3.21, the pinion and gear tangential and sep-
arating force at gear meshing point have been obtained. The results are summarized in
Table 3.24

FtM = FtL [N] FsM = F sL [N]

2.81 1.022

Table 3.24: Pinion and gear tangential and separating force at gear meshing point.

The tangential and separating forces at gear mashing point act as depicted in Figure 3.35.

Figure 3.35: Tangential and separating forces at gear meshing point [44] - Courtesy of
NSK.

The axial and radial loads acting on bearings have been derived from the tangential
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and separating forces at gear meshing point as reported in Table 3.25 and referring to
Figure 3.36.

Load classification Bearing A Bearing B Bearing C Bearing D

Radial load from Ft FtA = dA+dB
dB

FtM FtB = dA
dB

FtM FtC = dC+dD
dD

FtL FtD = dC
dD

FtL

Radial load from Fs FsA = dA+dB
dB

FsM FsB = dA
dB

FsM FsC = dC+dD
dD

FsL FsD = dC
dD

FsL

Radial load FrA =
√
F 2
tA

+ F 2
sA

FrB =
√
F 2
tB

+ F 2
sB

FrC =
√
F 2
tC

+ F 2
sC

FrD =
√
F 2
tD

+ F 2
sD

Axial load FaA = 0 FaB = 0 FaC = 0 FaD = 0

Table 3.25: Radial and axial loads from the tangential and separating forces [44].

Figure 3.36: Tangential and separating forces at gear meshing point with respect to
bearings [44] - Courtesy of NSK.

Bearings A and B are RC bearings and are situated on the pinion axis and are housed
in the chosen stepper motor AM2224. While, bearings C and D are R4LZZC3-HMST4
bearings and are situated on the gear axis, which is also the same axis of the drill bit.
Distances, reported in Table 3.26, between gears and bearings have been considered for
the computation of radial and axial loads.
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dA [mm] dB [mm] dC [mm] dD [mm]

3 27.7 6 33

Table 3.26: Distances between bearings and spur gears.

Distances reported in Table 3.26 have been chosen as follows:

• dA is a fixed value reported in [28] and depends on how the chosen motor is struc-
tured internally.

• dB depends on the motor length since it has been considered that the two bearings
A and B, placed inside AM2224, are located to the extremities of the motor case.

• dC has been chosen in order to have aligned bearings named C and A.

• dD has been selected considering that bearing D has one side attached to the ex-
ternal shell of the experimental chamber.

The aforementioned arrangements of bearings C and D, guiding the definition of dC and
dD respectively, allow to have these two bearings as far as possible one from the other
to improve their capabilities. In order to not exceed the length of the couple composed
by the motor and the encoder, the maximum relative distance between the two has been
constrained by the just mentioned couple length.
Thus, through Equation 3.40 and the equations reported in Table 3.25, the results listed
in Table 3.27 have been computed.

Load classification Bearing A Bearing B Bearing C Bearing D

Radial load [N] FrA=3.31 FrB=0.32 FrC=3.53 FrD=0.54

Axial load [N] FaA = 0 FaB = 0 FaC = 0 FaD = 0

Table 3.27: Radial and axial loads from the tangential and separating forces.

As already mentioned, bearings named A and B, placed along the pinion axis, are the
ones housed inside the stepper motor AM2224 which has been chosen to command the
rotation of the drill. Thus, the obtained radial and axial load of these specific bearings
must be lower than the maximum radial and axial loads which can be withstood by the
bearings themselves, the referring values are reported in Table 3.28.
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Load classification Bearing RC

Radial load [N] FrRC
=8

Axial load [N] FaRC
=4

Table 3.28: Maximum radial and axial loads RC bearings can withstand [28].

Preloaded ball bearings, with bearing code RC, can successfully withstand loads caused
by spur gears as can be noticed comparing Table 3.27 and Table 3.28.
Differently from bearings A and B, bearings named C and D, which are placed along the
rotation axis of drill, have to withstand not only loads due to spur gears but also radial
and axial forces caused by drill during drilling activity, identified by FrL and FaL . The
axial force is the one required by the drill and derives from subsubsection 3.1.2 while
the radial force has been oversized by considering it equal to the axial one as shown in
Table 3.29.

FrL [N] FaL
[N]

5 5

Table 3.29: Radial and axial loads caused by drilling activity.

The axial and radial components reported in Table 3.29 must be added to the ones of
bearings named C and D previously computed and listed in Table 3.27. Doing this, the
total axial and radial loads acting on bearings named C and D are the ones in Table 3.30.

Load classification Bearing C Bearing D

Radial load with drill contribution [N] FrC=8.53 FrD=5.54

Axial load with drill contribution [N] FaC = 5 FaD = 5

Table 3.30: Total radial and axial loads on bearings named C and D.

Knowing the total radial and axial loads acting on bearings named C and D, the bearing
load (equivalent load) PEQ of each bearing, C and D, can be evaluated as follows [43]:

PEQ = XFr + Y Fa (3.41)
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where:

• X: radial load factor.

• Y : axial load factor.

• Fr: radial load, from Table 3.30.

• Fa: axial load, from Table 3.30.

The radial and axial load factors of each bearing, C and D, have been computed exploiting
Figure 3.37 [43].

Figure 3.37: Radial and axial load factors computation [43] - Courtesy of NSK.

Noticed that C0r refers to the basic static load rating of the chosen bearing, hence, is the
one reported in Table 3.17.
The obtained equivalent loads of bearings named C and D are reported in Table 3.31.

PEQC
[N] PEQD

[N]

15.43 13.75

Table 3.31: Equivalent loads of bearings named C and D.

Dealing with ball bearings which have to withstand small values of axial and radial loads
has also its drawbacks. In fact, the balls housed in the bearing can crawl instead of rolling
if the equivalent load is much lower than the basic load rating. Usually, PEQ ≥ 2% Cr

is considered sufficient to avoid sliding. Considering the basic static load rating of the
chosen bearings series, reported in Table 3.17, PEQ ≥ 25.16 N.
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As can be seen, the obtained equivalent loads of bearings named C and D, reported in
Table 3.31, are lower with respect to the threshold needed to avoid balls sliding inside
bearing cages, hence, a preload has to be applied. The simplest way of doing this is to use
a spring, or bearing preload washer, which mainly acts on the outer ring of one of the two
bearings as shown in Figure 3.38. This outer ring must be able to be axially displaced by
H0 − H1 as shown in Figure 3.39. The preload force is considered to remain practically
constant, even when there is an axial displacement of the bearing as a result of thermal
elongation [60].

Figure 3.38: Ball bearing disc spring
location [62] - Courtesy of TFC.

Figure 3.39: Belleville disc spring drawing [51]
- Courtesy of PIC.

The disc spring has been chosen among all the available ones reported in McMaster-Carr
online catalog [38]. The choice was led by searching for a spring compatible with the
selected bearings type, R4LZZC3-HMST4, and which can provide the minimum preload
force needed to avoid balls sliding phenomenon. The features of the selected ball bearings
washer are listed in Table 3.32 and refer to Figure 3.39.

Di [mm] De [mm] s [mm] H0 [mm] H1 [mm] F1 [N]

10.31 15.79 0.25 0.56 0.33 31.14

Table 3.32: Belleville disc spring features [38].

Once the suitable spring has been selected, the radial and axial load has been computed
again considering that distance dC remain equal as before while dD changes. The latter
is modified due to the introduction of the spring. In fact, it is reduced by the free height
needed by the chosen disc spring as dD with preload = dD-H0. The distances which have
been considered for the new calculations are reported in Table 3.33.
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dC with preload [mm] dD with preload [mm]

6 32.45

Table 3.33: Distances between bearings and spur gears with preload.

Then, the load due to the disc spring has been added as an axial load as reported in
Table 3.34.

Load classification Bearing C Bearing D

Radial load with preload [N] FrC=8.54 FrD=5.55

Axial load with preload [N] FaC = 36.14 FaD = 36.14

Table 3.34: Total radial and axial loads on bearings named C and D.

Eventually, the total radial and axial loads acting on bearings named C and D have been
evaluated and exploited for the computation of the new equivalent load. The final results
are reported in Table 3.35.

PEQC
with preload [N] PEQD

with preload [N]

58.63 56.96

Table 3.35: Equivalent loads of preloaded bearings named C and D.

As can be noticed from Table 3.35, after the addition of the wave spring as preload,
the equivalent loads of C and D bearings is now higher than 2% Cr ensuring a correct
functioning of bearings.
It’s important to point out the fact that the equivalent load of C and D bearings is only
equal to the preload, provided by the spring, when no drilling activity is performed. This
because, during this phase, the drill is not rotating and as a consequence also the spur
gears are still. The presence of a constant preload during the whole mission is a positive
thing because it contributes to withstand the mechanical environment during launch and
through each mission phase.
Eventually, the basic rating life of bearings named C and D, expressed in hours Lh, has
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been computed as reported in [43]:

Lh =
106

60nL

(
Cr

PEQ

)3

(3.42)

where:

• nL: angular speed required at load, from Table 3.18.

• Cr: basic load rating, from Table 3.17.

• PEQ: equivalent load, from Table 3.35.

The obtained basic rating life of bearings C and D, converted from hours to years Ly, are
reported in Table 3.36.

LyC [years] LyD [years]

375 409

Table 3.36: Basic rating life of bearings named C and D in years.

The basic rating life has been computed taking into account the bearing load while drilling
which is higher with respect to the one present in the other mission phases in order to
consider the worst case of PEQ.
Moreover, the permissible static load factor, fs, has been evaluated for both bearings C
and D as stated:

fs =
C0r

PEQ0

(3.43)

where:

• C0r: basic static load rating the chosen bearing type, reported in Table 3.17.

• PEQ0 : static equivalent load.
According to [43], the latter has been evaluated through the following computations:

Fa

Fr

> 0.8 PEQ0 = 0.6Fr + 0.5Fa (3.44)

Fa

Fr

≤ 0.8 PEQ0 = Fr (3.45)

The obtained permissible static load factors of bearings C and D are reported in Table 3.37.
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fsC [-] fsD [-]

21.26 23.036

Table 3.37: Permissible static load factor of bearings named C and D.

According to [43], the lower limit of fs is equal to 1.5 for ball bearings subjected to
vibration and shock loads, as the case study. Thus, the obtained results ensure a correct
functioning of the chosen bearings also in a stationary condition.
Other two fundamental components are the bearing spacers, for bearing inner and outer
race, which have to maintain bearings C and D in their position for the whole mission.
As depicted in Figure 3.38, the disc spring has to be placed between the external shell of
the experimental chamber and bearing D. Moving away from the external shell, between
bearings C and D are placed the two bearings spacers. The bearing spacers diameters
have been chosen from Misumi online catalogs [41] [42] according to the bearings type
they can be coupled with. While, bearing spacers lengths have been constrained by the
distance between bearings C and D. The bearing spacers for bearing outer and inner race
dimensions are listed in Table 3.38 and Table 3.39 respectively and refers to Figure 3.40
and Figure 3.41 respectively. Moreover, the bearing spacers have been chosen of type
U-CLBU which are made of 5052 Aluminum to be lighter than the ones made of 1018
Steel.

Figure 3.40: Outer race bearing spacer drawing [42] - Courtesy of Misumi.

Outer race bearing spacer

de [mm] l [mm] di [mm] c [mm] dh [mm]

Callout Actual Actual Actual Actual Actual

16.002 15.875 27.290 12.700 0.635 13.970

Table 3.38: Outer race bearings spacer dimensions [42].
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Figure 3.41: Inner race bearing spacer drawing [41] - Courtesy of Misumi.

Inner race bearing spacer

di [mm] de [mm] l [mm] c [mm] ds [mm]

Callout Actual Callout Actual Actual Actual Actual

6.350 6.350 9.652 9.525 27.290 0.635 8.255

Table 3.39: Inner race bearings spacer dimensions [41].

Two cylindrical shaped cases have been preliminarily designed. One to house the stepper
motor AM2224RC coupled with its encoder PE22-120. This one has been designed ac-
cording to the diameter and length, resulting from the coupling of the two components,
which are reported in Table 3.23, and considering thicknesses of 2 mm. Another one has
been designed to cover the disc spring coupled with the two bearings which are divided
by the bearing spacers. The diameter of this case has been constrained by the external
diameter of the selected bearings while the length is equal to the one of the other case.
The latter because, has already pointed out, bearing D has been positioned far from the
external shell by a length equal to the length of the motor coupled with the encoder. Also,
the thicknesses of the bearings’ case have been assumed of 2 mm. Both of the two cases
have been assumed made of the same material of the external shell of the experimental
chamber, ISO AL 99.5 and have been considered to be attached to the bottom part of
the external shell.

Chamber translation design

The linear actuator has been the first component to be designed in order to develop the
mechanism dedicated to the motion of the experimental chamber.
A stepper motor has to be coupled with a screw in order to allow the penetration of the
drill bit at a minimum depth equal to the computed choke length and has to provide
the torque and the angular velocity to achieve the mechanism goal. Moreover, the linear
motor has to provide the required force and speed at the load.
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Two alternatives have been investigated for the design of this specific mechanism. The
first one, which has been identified as option A, has been developed considering that
the chamber moves downwards with the maximum allowed vertical velocity according to
Leonardo testing activity [36] and discussed in subsubsection 3.1.2. Considering option A,
the distance covered by the chamber allows the screw conveyor to penetrate the Deimos
soil for a depth equal to the required choke length. Once the latter is reached, the chamber
remains still and the drill continues its rotation for the time needed to acquire the needed
soil quantity. While, the option B, has been performed considering that the experimental
chamber moves downwards allowing the drill to reach the required choke length in the
time needed to convey the needed mass along the screw conveyor. Thus, in option B, the
experimental chamber moves for the whole duration of the filling phase. For this second
option, the velocity at which the chamber has to translate axially has been computed as:

vL =
lc

tmin

(3.46)

where, considering the screw conveyor having an external diameter of 6.35 mm (1/4”):

• lc: 6.35 mm, from subsubsection 3.1.2.

• tmin: 76.86 min, from subsubsection 3.1.2.

According to the just mentioned options A and B, and considering for both options the
maximum value of the axial force obtained from Leonardo testing campaign [36] and
discussed in subsubsection 3.1.2, the values reported in Table 3.40 have to be satisfied by
the linear motor.

vL [mm/min] FL [N]

Option A Option B

18 0.0826 5

Table 3.40: Linear actuator design parameters.

The lead screw series M3x0.5xL1, having features reported in Table 3.41, has been chosen
among all the available lead screws in Faulhaber online catalog [25]. This because when
lead screw M3x0.5xL1 is coupled to three different stepper motors, as shown in Figure 3.42,
it can provide the force and speed values at load required by the mechanism for both option
A and B, reported in Table 3.40.
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L1 [mm] Nominal diameter [mm] Pitch [mm]

15-25-50 or custom 3 0.5

Table 3.41: Features of lead screw M3x0.5xL1 [18].

(a) M3x0.5xL1 + DM1220. (b) M3x0.5xL1 + AM1524.

(c) M3x0.5xL1 + AM2224R3.

Figure 3.42: Possible operating curves of different linear actuators [18] - Courtesy of
Faulhaber.

As can be noticed from Figure 3.42, only the last two stepper motors, AM1524 and
AM2224R3, can achieve the required parameters for both options A and B. Of course,
among these two, the smaller stepper motor has to be preferred, but it has also to be able
of providing the required torque TM and angular velocity nM , for both phases A and B,
which can be calculated as follows [25]:

TM =
FLp

2πη
nM =

FLvL
TMη

1

2π
(3.47)

where

• FL: required force at load, reported in Table 3.40.
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• p: lead screw pitch, reported in Table 3.41.

• η: efficiency of the lead screw: 20%. This is due to the coupling male-female,
M3x0.5xL1 and a filleted hole in the external shell of the experimental chamber
respectively. Lead screws efficiency generally varies from 20% to 80%, in accordance
with different manufacturers. The worst value has been taken into account for the
design.

• vL: required speed at load, reported in Table 3.40.

The obtained results for the two considered options, A and B, are shown in Table 3.42.

TM [Nmm] nM [rpm]

Option A Option B

1.99 36 0.17

Table 3.42: Linear actuator design results.

The required torque and angular speed, for each option, can be provided by stepper
motors series AM1524 at nominal voltage, as can be noticed from Figure 3.43.

(a) AM1524 OP - Option A. (b) AM1524 OP - Option B.

Figure 3.43: Operating point of AM1524RC considering Option A and Option B [27] -
Courtesy of Faulhaber.

Stepper motor AM1524 has a TRL ≥ 3. Moreover, as already pointed out in section 2.1,
this model of the stepper motor has been chosen with two preloaded ball bearings (RC)
and can be coupled with encoder AE23B8-01 which has been chosen with the -01 option:
PTFE cables (instead of PVC)[27].
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The dimensions of the coupled formed by the chosen stepper motor and its relative encoder
are reported in Table 3.43.

Motor + Encoder dM+E [mm] LM+E [mm] LCABLES [mm]

AM1524RC+AE23B8-01 16 28 adjustable

Table 3.43: Dimensions of AM1524RC coupled with AE23B8-01 [25].

The experimental chamber has to be moved downwards during the drilling activity and
upwards in the possibility of moving the whole SSA from one point of Deimos surface to an-
other one. This would bring the ability of sampling different soil areas at different depths.
To allow this, the chosen stepper motor has to be able to provide the required torque in
both CW and CCW directions. Through the exploitation of the 1-axis driver/controller
MCST 3601, which is compatible with the selected stepper motor, the motor can fulfill the
requirement of changing the direction of motion of the linear actuator load. The linear
actuator comprehending lead screw M3x0.5xL1 has to be coupled also with a bearing.
This bearing has to be placed at the lead screw tip and has the role of absorbing forces
caused during the linear motor activity. The bearing is identified by number 6502.00103,
taken from [18], and its dimensions are reported in Table 3.44 referring to Figure 3.44.

Figure 3.44: Bearing 6502.00103 drawing [18] - Courtesy of Faulhaber.

da [mm] Da [mm] B [mm]

2.0 6.0 2.5

Table 3.44: Bearing 6502.00103 dimensions [18].

The external shell of the experimental chamber have been preliminarily designed as made
of two part: an open on top cylinder covered by a circular disc. Two holes, 180° apart, have
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been designed on the base of the cylinder, and they represent the feeding and the discharge
hole. Since the drill bit has to be inserted inside the filling hole, it has been designed with
a diameter equal to 6.35 mm. Two inlets, pressurizer and solvent respectively, and an
outlet for the depressurization have been designed on the disc. The diameter and height
of the external shall have been imposed by the selector size, chosen in section 2.1, while
the thicknesses have been supposed of 2 mm. The external shell have been assumed made
of ISO AL 99.5 to be light but also resistant.
The length L1 of the lead screw has been assumed to be the maximum possible which
can be housed inside the payload considering the space occupied by to the motor coupled
with the encoder and the bearing. Thus, L1 = 65 mm. On the external shell of the
chamber, a female thread has been designed with compatible features to the male one
which is represented by the lead screw of the linear actuator. This allows the chamber to
be moved by the linear motor.
A cylindrical case has been designed to protect and attach the motor AM1524RC coupled
with its encoder AE23B8-01 to one of the internal surfaces of the 1U box containing the
SSA. The diameter and length of the case have been constrained by the ones reported
in Table 3.43 while thicknesses has been assumed of 2 mm. Another cylindrical case has
been developed to forbid movements of the bearing at lead screw tip. To do this, the case
has to maintain the bearing attached to the internal surface of 1U structure, opposite to
the one where the other case is attached. The reference diameter and length of this case
are the ones of the bearing which are indicated in Table 3.16 and, again, thicknesses have
been assumed equal to 2 mm. Moreover, both of the two cases have been assumed made
of the same material of the external shell of the experimental chamber, ISO AL 99.5.
Three columns have been designed to act as rails during the translational motion of the
experimental chamber. All the three columns have been placed at the extremities of the
external shell and have been equally displaced. Thus, they can ensure a safe movement of
the chamber. The columns have been designed having a diameter of 3 mm and a length
equal to 100 mm, the maximum possible, to be attached to the internal structure of 1U
box by both ends. Moreover, they have been assumed made of stainless steel.

Enclosed screw conveyor length definition

Once all the components involved in the Surface Sample Analyzer mechanisms have been
design, also the design of the enclosed screw conveyor has been concluded by selecting
an appropriate length L. The latter has been defined considering that the whole screw
conveyor has to be inside the 1U box during all the mission phases except for the ones
where the SSA is performing its sampling and acquisition activity. Thus, the total length
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has been constrained by the sizes and thicknesses of the SSA box itself and the overall
dimensions of the SSA mechanisms components. Taking into account these two aspects:
L = 70 mm.
As already pointed out, a part of the total length of the drill has to remain always
inside the 1U box structure. This length is equal to the total length of the selected
drilling motor coupled with its relative encoder plus the external shell of the experimental
chamber thickness where the drill is immersed: LIN=48 mm.
The maximum length of the screw conveyor which can exit through the 1U box, containing
the SSA, has been obtained considering the just mentioned total and hidden length and
2.5 mm of the hypothesized 1U structure thickness with a distance margin 1U. Thus,
LOUT = 19.5 mm.
Recalling the micro corer features considered during the design, reported in Table 3.45,
and considering that the screw conveyor is able of acquiring different soil samples at
different depths by penetrating Deimos soil for a depth equal to the choke length lc at
each time, three acquisitions at most has resulted to be feasible.

D [mm] p [mm] Dc [mm] lc [mm] L [mm] LIN [mm] LOUT [mm]

6.35 6.35 2 6.35 70 48 19.5

Table 3.45: Features of the vertical enclosed screw conveyor.

Eventually, the enclosed screw conveyor has been preliminarily designed assuming it is
made of stainless steel as the micro corers implied in Leonardo testing activity [36].

3.2.3. Mission Phases and Conceptual Operations

The aim of this section is to present the Mission Phases specifically related to the sampling
and acquisition activity developed by the Surface Sample Analyzer. The Conceptual
Operations, regarding each Mission Phase, are going to be described focusing on which
SSA mechanism is involved.

• Resting Phase. This is the phase which precedes the beginning of the sampling and
acquisition activity of the Surface Sample Analyzer. During this phase is assumed
that the lander, housing the SSA, has safely landed on Deimos and the SSA is lying
on Deimos surface with the drill bit perpendicular to it.

– The selector has a neutral configuration having its hole covered by the external
shell of the experimental chamber.
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– The drill is still.

– The experimental chamber is still.

• Pre-Drilling Phase (1 min). This phase has to prepare the SSA to accept the sampled
Deimos soil.

1. The pressure required inside the experimental chamber is reached thanks to
the pressure/depression valve. This, to minimize the friction torques acting
during the selector rotation.

2. – The selector compute a rotation of 90° around its axis of symmetry in order
to leave its neutral configuration and assume its filling configuration. At
the end of this phase the hole of the selector has to be aligned with the
experimental chamber hole where the drill bit is attached.

– The drill is still.

– The experimental chamber is still.

Considering Option A:

• Drilling Phase (0.35 min). With this phase starts the drilling activity of the SSA.
In particular, the drill bit has to penetrate the soil for a depth equal to the choke
length to allow a safe soil acquisition.

– The selector is still in the filling configuration and ready to acquire the sampled
soil from the enclosed screw conveyor.

– The drill rotates at its nominal angular velocity.

– The experimental chamber axially moves downwards, guided by the three
columns, with the velocity identified in section 2.3 for Option A. Thus, at
the end of this phase, the tip of the screw is buried into the soil for a height
equal to the required choke length.

• Filling Phase (77 min). During this phase the desired quantity of soil is conveyed
along the screw conveyor from the Deimos surface to the experimental chamber.

– As before, the selector is still in its filling configuration.

– The screw conveyor rotates at its nominal angular velocity to vertically convey
the soil.

– The chamber is still to maintain the required choke length of the screw for the
whole filling phase.
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Considering Option B, Drilling Phase and Filling Phase are collapsed together in a single
Mission Phase.

• Drilling and Filling Phase (77 min). During this phase starts the drilling activity
involving both the rotation of the screw conveyor and the downwards motion of
the experimental chamber. Thanks to the latter, the drill reach the required choke
length in the time needed to convey the sampled soil through the enclosed screw
conveyor.

– The selector is still in the filling configuration and ready to acquire the sampled
soil from the enclosed screw conveyor.

– The drill rotates at its nominal angular velocity.

– The experimental chamber axially moves downwards, guided by the three
columns, with the velocity identified in section 2.3 for Option B. Thus, at
the end of this phase, the tip of the screw is buried into the soil for a height
equal to the required choke length.

• Pre-Analysis Phase (1 min). This phase precedes the analysis of the sampled soil.

– The selector computes a 90° rotation around its axis of symmetry in order to
reach its neutral configuration. During this phase the hole of the selector is
covered by the external shell of the experimental chamber, thus, no more soil
can enter inside the camber.

– The drill is still.

– The chamber is still.

• Analysis Phase. During this phase the sampled soil is prepared, and then it is
analyzed by the LoC present inside the experimental chamber.

1. The operating pressure required by the LoC has to be reached through the
injection of an inert pressurizer.

2. The liquid is injected to dilute the soil samples.

3. The diluted sampled soil is analyzed by the LoC.

4. After the analysis, the intern of the experimental chamber is depressurized
again to reduce friction torques generated during the selector rotation. Also,
the depressurization permits the evaporation of the solvent.

– The selector is still in its neutral configuration.
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– The drill is still.

– The chamber is still.

• Pre-Discharge Phase (1 min). During this phase the SSA is prepared to discharge
the analyzed sampled soil to allow the acquisitions of other samples.

– The selector computes a 90° rotation around its axis of symmetry in order to
assume its discharge configuration having its hole aligned with the discharge
hole of the external shell of the chamber.

– The drill is still.

– The chamber is still.

• Discharge Phase. During this phase the inert gas is injected to clean the entire
experimental chamber from the analyzed soils samples. They are expelled from the
chamber and reach the discharge apparatus. Thus, after this phase, The experimen-
tal chamber will be ready to house new samples.

– The selector is still in its discharge phase to allow the sampled soil to exit
passing through the discharge hole of the experimental chamber.

– The drill is still.

– The chamber is still.

• Pre-Resting Phase (1 min). During this phase the SSA returns in its initial resting
configuration.

– The selector computes a 90° rotation around its axis of symmetry in order to
assume its neutral configuration having its hole aligned with the discharge hole
of the external shell of the chamber.

– The drill is still.

– The chamber is still.

After this phase, there are two possibilities: the SSA has to prepare to sample and acquire
another soil at a different depth from the same hole or the SSA has to prepare to be moved
to sample and acquire soil from a different location. In the first case, the aforementioned
Mission Phases start over. While, in the second case, there is an additional Mission Phase,
the Transfer Phase, before starting over with the aforementioned phases.

• Transfer Phase (1 min - Option A, 231 min - Option B). This phase follows the
Discharge Phase of the last soil acquisition performed in a specific hole and precedes
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the Resting Phase of a new acquisition campaign in a different hole from the previous
one.

– The selector is still in a neutral configuration.

– The drill is still.

– The experimental chamber axially moves upwards, guided by the three columns,
with the velocity identified in section 2.3 for Option A or for Option B. Thus,
the drill from being immersed in soil for a depth equal to three times the choke
length will return to be completely inside the 1U box.

The configurations assumed by the selector during the aforementioned Mission Phases are
depicted in Figure 3.45.

Figure 3.45: Possible selector configurations.

The aforementioned listed Mission Phases for both Option A and B, have been outlined
in Figure 3.46 and each mechanism involved in each Mission Phase are highlighted.
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(a) Mission Phases - Option A. (b) Mission Phases - Option B.

Figure 3.46: Mission Phases.
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3.2.4. Thermal Control System design

The purpose of the Thermal Control System is to keep the Surface Sample Analyzer and
all of its components within a safe operational range. Temperature cannot be controlled
directly so the heat fluxes need to be regulated by the TCS.
In order to guarantee the correct operation and highest performances of the system,
a preliminary thermal analysis has been conducted. The analysis aims to verify that
the system works in the acceptable temperature range. For this reason, the operating
minimum and maximum temperature, Tmin and Tmax respectively, of each Surface Sample
Analyzer component are reported in Table 3.46. As can be noticed from the latter, the
device having the most restricted operating temperature range is the LoC. Moreover, the
acceptable temperature range has been further restricted: from +9°C to 20°C, applying
a safety factor margin of 5°C to both minimum and maximum operative temperature at
which the LoC is able to work safely [4].

Component Tmin [°C] Tmax [°C]

AM1524RC -35 +70

AM2224RC -35 +70

AE23B8 -20 +85

PE22-120 -20 +85

MCST 3601 -30 +70

LoC +4 +25

Table 3.46: Operating temperature of SSA components [27][28][25][17][26][39].

The study has been performed taking into account the worst case scenario for both hot
and cold case. Moreover, to simplify the analysis the following assumptions have been
taken:

• SSA is lumped in one single node with a spherical shape and a surface equal to the
outer 1U CubeSat surface.

• Steady state conditions: no temperature variations have been considered.

• The area subjected to external radiation is equivalent to the surface area of the
sphere. This because, at this level, is unknown the precise position of the SSA
within the lander structure.

• The dissipating area is equivalent to the surface area of the sphere. This because,
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as before, at this level, is unknown the precise position of the SSA within the lander
structure.

• The solar radiation is assumed to be constant along the entire Deimos orbit.

• The radiation is assumed hitting perpendicularly the reference area.

• The Surface Sample Analyzer is housed in a lander which can provide to it or remove
from it heat, if necessary, to keep it inside its admissible temperature range.

In the hot case, the total heat comprehending both environmental and internal heat
sources has been evaluated as follows [4]:

QHOT = QSun +QIRDeimos
+QIRMars

+QaDeimos
+QaMars

+QintHOT
(3.48)

where

• QSun: the heat generated by the Sun radiation:

QSun = GSASαS (3.49)

where:

– GS: the solar flux at the spacecraft distance: 607.77 W/m2 [4].

– AS: the area subjected to external radiation: 0.06 m2.

– αS: the solar absorptivity of the coating material: 0.06 [4].

• QIRDeimos
and QIRMars

: the heats due to the infrared radiation coming from Deimos
and Mars respectively:

QIR = σT 4
P

(RP )
2

(RP +Hs/c)2
ASϵIR (3.50)

where:

– σ: Stefan-Boltzmann constant: 5.67x10−8 W
m2K4 .

– TP : the average planet temperature: 233 K for Deimos and 208 K for Mars
[46].

– RP : the planet mean radius: 6.2 km for Deimos and 3389.5 km for Mars [46].

– Hs/c: the spacecraft height from the planet surface: 0 km for Deimos, since
SSA is on Deimos surface, 20068 km for Mars, since SSA is orbiting around
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Mars on Deimos orbit [46].

– ϵIR: the infrared emissivity of the coating material: 0.8 [4].

• QaDeimos
and QaMars

are the heats caused by the albedo of Deimos and Mars respec-
tively.

Qa = GSa
(RP )

2

(RP +H)2
ASαSKa (3.51)

where:

Ka = 0.657 + 0.54
RP

RP +Hs/c

− 0.196
(RP )

2

(RP +Hs/c)2
(3.52)

where: a: albedo: 0.08 for Deimos and 0.250 for Mars [52][46].

• QintHOT
: the internal heat generated by the SSA components during the hot case.

It has been assumed that the whole electrical power demanded by a working de-
vice is then converted into heat. For the hot case, the Mission Phase presenting
the higher power demand required by the Mechanisms Subsystem components has
been taken into account. Thus, referring to the system power budget, reported
insubsubsection 3.2.6, QintHOT

= 10.18W.

Consequently, the heat to be dissipated towards the deep space is QHOT .
On the other hand, in the cold case the external heat source still reaching the lander,
hence the SSA, is assumed to be only the infrared heat coming from Deimos [4]:

QCOLD = QIRDeimos
+QintCOLD

(3.53)

where: QintCOLD
: the internal heat generated by the SSA components during the cold

case. Referring to the system power budget, reported in subsubsection 3.2.6, there are
Mission Phases in which there are no working Mechanisms Subsystem components, hence,
no power generation, have been taken into account for this case. Thus, QintCOLD

= 0W.
Therefore, in the cold case the heat to be dissipated is QCOLD.
The obtained heat fluxes are reported in Table 3.47 end it is noticeable that the highest
heat source is the power generated by the SSA devices during the hot case.

QS [W] QIRDeimos
[W] QIRMars

[W] QaDeimos
[W] QaMars

[W] QintHOT
[W] QintCOLD

[W]

5.94 8.021 0.10 0.47 0.023 10.18 0

Table 3.47: Thermal contributes on the SSA.

Eventually, from the obtained QHOT and QCOLD the Surface Sample Analyzer tempera-
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tures, in the hot and cold case respectively, have been computed as follows:

T = 4

√
Q

ϵIRσAIR

(3.54)

where: AIR: the dissipating area: 0.06 m2.
The results are reported in Table 3.48.

Hot case Cold case

QHOT = 24.75 W QCOLD = 8.02 W

THOT = 35.66°C TCOLD = -40.15°C

Table 3.48: Results of the TCS design.

The preliminary TCS analysis has been performed exploiting a passive thermal control.
In fact, all the external surfaces of the SSA have been assumed to be covered by Silverized
FEP Teflon which presents low absorptivity and high emissivity when the Teflon is about
0.127 mm (5 mils) thick [4] [31]. However, as can be noticed looking at the TCS analysis
results in Table 3.48, the obtained temperature in both hot and cold case exceed the
required temperature range. Thus, an active thermal control has been developed.
In the hot case, the heat which have to be removed, named Qradiator, has been evaluated
assuming the SSA having the maximum admissible temperature imposed by the LoC:

Qradiator = QSun +QIRDeimos
+QIRMars

+QaDeimos
+QaMars

+QintHOT
− ϵIRσAIRT

4
HOTmax

(3.55)
While, in the cold case, the heat which have to be provided to the SSA, named Qheater, has
been computed considering the SSA being at the minimum allowed operating temperature
according to the LoC:

Qheater = −QaDeimos
−QintCOLD

+ ϵIRσAIRT
4
COLDmax

(3.56)

The results deriving from the aforementioned computations are reported in Table 3.49.

Qradiator [W] Qheater [W]

3.47 7.61

Table 3.49: Radiator and heater heat for hot and cold case respectively.
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The results of the preliminary thermal analysis of the Surface Sample Analyzer lead to the
requirements which have to be satisfied by the lander permitting the SSA to safely perform
its Mission Phases. In fact, the lander has to remove from the SSA the power amount
indicated as Qradiator during the hot case and has to provide to the SSA the power amount
named Qheater during the cold case. The latter has been also considered as an input for
the development of the power budget of the system reported in subsubsection 3.2.6.

3.2.5. Electrical Power System design

The electrical power system is the subsystem used to supply the electrical power to all
the other subsystems and components of a spacecraft. It is of great importance that
the EPS is able to grant the required power in all the phases and modes of the mission.
In this preliminary phase design of SSA, the system has been designed in a very simple
way, further refinements will have to be performed to make sure that all the requirements
coming from every other subsystem as well as design consideration are respected. There-
fore, at this level, the EPS sizing serves as a baseline to develop correctly the subsystem
and have a general idea of what are the power and mass budgets needed for the mission
accomplishment.

The constraints of the Surface Sample Analyzer size, and consequently mass, have sug-
gested considering that the power supply required from each SSA device is provided by
the 3U lander EPS in which SSA is housed. Thus, the feeding line from the lander EPS
to the mechanisms motors and relative components are depicted in Figure 3.47.

Figure 3.47: Drawing of EPS feeding line.

As can be noticed from Figure 3.47, the power required as well as the range of admissible
voltage and current of each component have to be investigated to establish the lander EPS
requirements. For this reason in Table 3.50 the different nominal voltage V and current
I required by each component have been summarized.
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Component V [V] I [A]

MCST 3601 9 - 36 0 - 1.1

AM1524RC 2, 3.5, 6, 12 0.45, 0.25, 0.15, 0.075

AM2224RC 1.4, 3, 6, 12 1, 0.5, 0,25, 0.125

AE23B8-01 5 - 15 0.005 (5V)

PE22-120 4.5 - 5.5 0.02 (5V)

Table 3.50: Components nominal voltage and current values [26][27][28][25][17].

To define the power needed by each component of the SSA, the following steps have been
followed referring to Figure 3.47.
Firstly, the power required by each motor and its relative encoder has been computed
exploiting the power definition:

W = V I (3.57)

WM and WE have been used to indicate the motor and encoder power demand respectively.
Then, the total amount of power WOUT which have to provided by the driver/controller
has been evaluated as stated:

WOUT = WM +WE (3.58)

The power required by the driver, named WD, has been evaluated considering that it
receives power from the lander EPS, WIN , and has to satisfy the power demand of both
motor and encoder, WOUT , but it is effected by a power loss:

WD = WIN −WOUT η =
WOUT

WIN

(3.59)

where η: driver efficiency: assumed equal to 90 %.
Accordingly, the driver/controller power supply has been expressed as:

WD =

(
1

η
− 1

)
(WM +WE) (3.60)

The aforementioned computations have been developed to identify the power required
by the MCST 3601 driver connected to AM1524RC and AE23B8, involved in selector
rotation and chamber translation mechanisms, and then to evaluate the power supply for
the MCST 3601 driver feeding AM2224RC and PE22-120, involved in the drill rotation
mechanism. The obtained results are reported in Table 3.51.
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Component W [W]

AM1524RC 0.9

AE23B8-01 0.025

MCST 3601 0.103

(a) Power supply needed by
AM1524RC, AE23B8-01 and
MCST 3601.

Component W [W]

AM2224RC 6

PE22-120 0.1

MCST 3601 0.627

(b) Power supply needed by
AM2224RC, PE22-120 and
MCST 3601.

Table 3.51: Power supply needed by SSA components.

The obtained results have been evaluated taking into account one of the four possible
motor windings for both AM1524RC and AM2224RC and assuming a provided voltage
of 12V. The encoders have been considered to be supplied by a voltage of 5V. The chosen
driver/controller MCST 3601 is able of providing as output the same amount of voltage
received as input and is capable of regulating the output current depending on stepper
motor or encoder necessities. This second aspect is relevant to avoid possible power surges
which can damage both the stepper motor and the encoder.
As can be noticed from 3.51b, the power required by AM2224RC is equal to four time
its nominal power. This because, referring to section 2.2, AM2224RC requires a boosted
voltage equal to four times its nominal voltage. Moreover, by comparing the obtained
results reported in Table 3.51, the drilling motor has resulted to be the most demanding
device in terms of power supply.
The supply power needed by each component has lead the formulation of the power budget
of the system as reported in subsubsection 3.2.6. From the latter, the power supply which
the lander EPS has to provide, at each Mission Phase, has been established.

3.2.6. System budgets

A marginal philosophy has been adopted for the estimation of the Surface Sample Analyzer
mass and power budgets. In general, in successive phases of the design, power and mass
tend to increase with respect to the initial phases budgets, because subsystems are better
detailed. Margins are applied in this preliminary phase to account for this. Two levels
of margins are used: at component and at sub-system level. The component level is
referred to the TRL and reliability of the specific component: lower TRL or ground-
designed component may require some extra precautions (e.g. add shielding-mass against
radiation). The sub-system level depends again on the reliability: not yet proven in flight
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systems have lower margin to be accounted. Referring to ESA margin philosophy [15],
the following Design Maturity mass/power Margins shall be applied at equipment level:

• 5%: for COTS items [15].

• 10%: for COTS items requiring minor modifications [15].

• 20%: for designed or developed from scratch items, or items requiring major modi-
fications [15].

Then, a 20% overall system margin has been applied to both total power and mass
obtained, again, accordingly to ESA margin philosophy [15]. Among all the preliminarily
designed components, the pressure/depression valve and the LoC have not been taken into
account in both mass and power budget. This because they have not yet been identified
precisely, and they have been assumed providing negligible mass and power consumption
with respect to the others SSA components.

Power budget

The power budget for the different Mission Phases, considering both options A and B,
of the Surface Sample Analyzer has been reported in Figure 3.48 and Figure 3.49. It
has been developed taking into account the power required by each working Mechanisms
Subsystem components obtained in subsection 3.2.5 and the power required for the cold
case analyzed in the TCS design as reported in subsection 3.2.4. The power required
by the TCS has been considered equal to the obtained Qheater for the considered cold
case, hence, when there are no working Mechanisms Subsystem components. While, the
TCS power has been considered up to the obtained Qheater value to ensure SSA works
respecting its operating temperatures range also in the other Mission Phases which don’t
represent the hot or cold case analyzed in the TCS design reported in subsection 3.2.4. Of
course, for the considered hot case, hence, when the Mission Phases with the maximum
power demand from the working Mechanisms Subsystem components is considered, no
additional power is required by the TCS. Moreover, the Mission Phases involving the
same mechanisms for both phases A and B have been considered together. The power
contributes which have been resulted from the power budget represent the power which
the lander EPS has to provide to the SSA during the mission.
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Figure 3.48: EPS budget (1/2).
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Figure 3.49: EPS budget (2/2).
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Mass budget

The mass of each component belonging to each Surface Sample Analyzer subsystem has
been reported in Figure 3.50. As can be noticed from the latter, each component has been
highlighted with a specific color to indicate if its mass has been taken from the data-sheet
or if has been assumed accordingly to its CAD model. There were no indication about
the encoders mass, and their available CAD models comprehend also the motors they are
coupled with. Thus, the encoders mass has been oversized and assumed equal to the mass
of the motors they are related to.
The mass, obtained from the budget, is lower than 1.33 kg which is the usually considered
maximum mass for 1U CubeSat. This, even though there are still missing items that will
have to be designed once the position of the Surface Sample Analyzer inside the 3U
lander is defined. These components are drivers/controllers, the discharge apparatus, the
two tanks housing the solvent and the inert gas, and the cables required by each SSA
component.
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Figure 3.50: Surface Sample Analyzer mass budget.
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requirements

The most significant Surface Sample Analyzer requirements, derived from the preliminar-
ily conducted design, are going to be presented in this chapter.

4.1. Functional requirements

The functional requirements are listed in Table 4.1 and Table 4.2.

4.1.1. Technological requirements

ID Importance Verification Requirement
SSA-FR-01.1 NH T The product components shall have a

TRL ≥ 3.

Table 4.1: Surface Sample Analyzer technological requirements list.

4.1.2. Performance requirements

ID Importance Verification Requirement
SSA-FR-02.1 M T The product shall provide drilling

thrust and torque of 5 N and 0.05 Nm
respectively.

SSA-FR-02.2 M T The product shall provide drilling ax-
ial velocity of 18 mm/min - Option A,
0.0826 mm/min - Option B and angu-
lar velocity of 50 rpm.

Table 4.2: Surface Sample Analyzer performance requirements list.
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4.2. Mission requirements

The mission requirements are listed in Table 4.3, Table 4.4 and Table 4.5.

4.2.1. Launch segment requirements

ID Importance Verification Requirement
SSA-MIR-01.1 M T The product shall be launched as a sec-

ondary payload.
SSA-MIR-01.2 M T The launch mass of 993.36 g shall be

considered.
SSA-MIR-01.3 NH T The launch date shall be in 2027 (See

Appendix A).

Table 4.3: Surface Sample Analyzer launch segment requirements list.

4.2.2. Life requirements

ID Importance Verification Requirement
SSA-MIR-02.1 NH T The mission shall last at least 1 year

(See Appendix A).

Table 4.4: Surface Sample Analyzer life requirements list.

4.2.3. Touchdown requirements

ID Importance Verification Requirement
SSA-MIR-03.1 M T The product shall be placed on Deimos

surface with the drill bit perpendicular
to it.

SSA-MIR-03.2 M T The product shall be anchored to the
surface.

Table 4.5: Surface Sample Analyzer touchdown requirements list.
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4.3. Interface requirements

The interface requirements are listed in Table 4.6 and Table 4.7.

4.3.1. TCS requirements

ID Importance Verification Requirement
SSA-INR-01.1 M T The product shall survive and operate

between +9°C and +20°C.
SSA-INR-01.2 M T The product shall be covered by Silver-

ized FEP Teflon.
SSA-INR-01.3 M T The product shall be able to dissipate

3.47 W, in hot case.
SSA-INR-01.4 M T The product shall be able to acquire

7.61 W, in cold case.

Table 4.6: Surface Sample Analyzer TCS requirements list.

4.3.2. EPS requirements

ID Importance Verification Requirement
SSA-INR-02.1 M T The product shall be supplied by

a power of 12.26 W during Pre-
Filling, Pre-Analysis, Pre-Discharge,
Pre-Resting Phase - Option A, B and
Transfer Phase - Option A, B.

SSA-INR-02.2 M T The product shall be supplied by a
power of 10.18 W during Drilling Phase
- Option A, Drilling/Filling Phase -
Option B.

SSA-INR-02.3 M T The product shall be supplied by a
power of 19.84 W during Filling Phase
- Option A.

SSA-INR-02.4 M T The product shall be supplied by a
power of 10.96 W during Resting, Anal-
ysis, Discharge Phase - Option A, B.

Table 4.7: Surface Sample Analyzer EPS requirements list.
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4.4. Environmental requirements

The environmental requirements are listed in Table 4.8.

]

ID Importance Verification Requirement
SSA-ENV-01.1 M T The product shall withstand CVCM <

0.1%.
SSA-ENV-01.2 M T The product shall withstand RML <

1%.
SSA-ENV-01.3 M T The product shall withstand a max-

imum TID of 30 krad(Si) (See Ap-
pendix A).

Table 4.8: Surface Sample Analyzer environmental requirements list.

4.5. Verification requirements

The verification requirements are listed in Table 4.9.

]

ID Importance Verification Requirement
SSA-VER-01.1 M T The product shall undergo structural

testing on ground before launch.
SSA-VER-01.2 M T The product shall undergo thermal

testing on ground before launch.
SSA-VER-01.3 M T The product shall undergo micrograv-

ity testing on ground before launch.
SSA-VER-01.4 M T The product shall undergo out gassing

testing on ground before launch.
SSA-VER-01.5 M T The product shall undergo radiation

testing on ground before launch.
SSA-VER-01.6 M T The product shall undergo functional

testing on ground before launch.

Table 4.9: Surface Sample Analyzer verification requirements list.
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developments

In this final chapter is going to be reviewed and discussed the conducted thesis’ work,
comprehending also the critical aspects, and the future improvements to be made.

5.1. Conclusions

The High Level Requirements, hence, the goals of the Surface Sample Analyzer have been
achieved through the preliminary design which have been conducted. The requirements
have been met through the exploitation of specific COTS items or preliminarily designed
components, which have to be developed from scratch. In fact, the preliminarily designed
SSA is able of sampling soil at different depths. In particular, the Surface Sample Ana-
lyzer, thanks to the preliminarily designed enclosed vertical screw conveyor, can acquire
soil samples from the surface up to about 2 cm depth. Moreover, if the lander, where
the SSA is housed, can be safely moved from one location on the surface to others, the
Surface Sample Analyzer can study soil samples belonging to different areas. Thus, the
surface can be somehow mapped highlighting the presence or the absence of particular
soil’s geological features which can be identified by the LoC markers. There was also
another requirement which has been successfully gained: the Surface Sample Analyzer
have been designed to fit inside a 1U CubeSat. The preliminarily designed SSA has a
mass at launch equal to 993.36 g, the maximum mass considered for 1U CubeSat is about
1.33 kg, and the preliminarily designed components occupy about 15% of the total 1U
volume. These values, of course, will change in the next phases of the mission design,
when more and more components will be added. However, the fundamental elements,
able of providing the required thrust, torque and power to allow a safe drilling process,
according to Leonardo testing activity [36], have been arranged inside a 1U structure with-
out interfering with each other. In addition, most of the selected COTS components are
suitable for space applications. Thus, the components’ requirement of having a minimum
TRL value or the requirements related to the environment, in particular involving out
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gassing or radiation tolerance properties, have been achieved. While, the others COTS
items, which do not comply with the aforementioned requirements, such as stepper mo-
tor AM2224RC, encoder PE22-120 and driver/controller MCST 3601, have to be slightly
modified. Usually, only the cables materials have to be changed (e.g: from PVC to PTFE)
in stepper motors, encoders and drivers/controllers, such as others electronic devices, in
order to resist to extreme environments like space. Some reasonable precautions have
been adopted while designing all the others components which were not already available
on the market. In fact, they have been preliminarily designed following standardized rules
and exploiting space proven materials in order to be effectively manufactured and suitable
for space applications.
The idea of exploiting the preliminarily designed Surface Sample Analyzer in other mis-
sions, distinct from the TASTE mission, hence, sampling and analyzing soils different
from the Deimos one, has been realized. This, thanks to the soil simulant NU-LHT-2M,
implied in Leonardo testing activity [36], which presents similar composition and geotech-
nical properties to lunar highlands simulants, Phobos and C-type asteroids regolith in
addition to the one of Deimos.
Eventually, also the goal of innovating the extraterrestrial drilling missions, especially
asteroid mining, through the exploitation of a compact sampling mechanisms with in-
tegrated bio-marker analyzer has been satisfied. Thus, asteroids soils presenting areas
difficult to be reached through big satellites or rovers, can be studied thanks to the anal-
ysis of their soil’s properties performed by small CubeSats.

5.2. Future developments

The preliminary design of the Surface Sample Analyzer has been developed taking into
account some assumptions. Some of them derive from the fact that the SSA will be housed
inside a lander, but its precise position within the latter is still an open question. This
observation involves the design of the missing components such as the discharge appara-
tus, where the analyzed soil samples are received after being expelled by the experimental
chamber during the Discharge Phase, the two tanks housing the solvent and the inert
gas, which allows the correct functioning of the LoC, and the pressure/depression valve.
For the same reason, also the effective position of each of the three drivers/controllers
MCST 3601, capable of controlling the motion of one stepper motor each and regulating
the current supply needed by the latter, has to be decided further on. This because, once
the position of the Surface Sample Analyzer within the lander and with respect to its
subsystems will be decided, the power feeding and input control line from the lander EPS
and OBDH respectively to the SSA components, passing through the drivers/controllers,
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will be designed as well. Also, the positioning of cables, required by each component,
represent an important aspect that will have to be investigated. Moreover, also a more
appropriate thermal analysis of the Surface Sample Analyzer will be conducted taking
into account the effective SSA surfaces which exchange heat with the lander, with Deimos
soil or through the deep space. The thermal analysis might be improved considering a
multi-nodes analysis, instead of a single node, and exploiting also the view factors between
the Sun, Mars and Deimos and the lander and, more specifically, the SSA.
Once the definitive components and configuration of the Surface Sample Analyzer will
be selected, a complete and detailed structural and thermal analysis has to be developed
involving both each single components and the payload as a whole and for each Mission
Phases. This, to ensure that both the COTS components and the ones designed from
scratch are able to withstand structural loads as well as unexpected thermal shocks dur-
ing the entire mission. Moreover, the system has to be tested on ground to verify it
can safely operate in space, thus, in presence of microgravity, out gassing condition and
radiations sources. Eventually, the Surface Sample Analyzer functions have to be tested.
For example, the developed theoretical design has to be verified through numerical sim-
ulations and experimental activities. This to ensure the effective direct conveying of the
sampled soil along the preliminarily designed enclosed screw conveyor, from the soil to the
experimental chamber. The two different Options A and B, for developing the Drilling
and Filling Phases, have to be investigated in order to affirm if they are both feasible
or not and if one of the two it’s better than the other one. Also, numerical simulations
representing the motion of the soil samples within the experimental chamber, during the
different Mission Phases, would be useful to assure a safe Analysis Phase. In fact, once
the samples reach the experimental chamber, and after the liquid injection, the solution
has to converge to the sensitive surface of the LoC. This, revising also the topology and
surface properties of the selector. Then, during the Discharge Phase, the analyzed soil
samples have to be expelled from the experimental chamber and have to reach the dis-
charge apparatus.
Another important aspect, that will have to be taken into account in further develop-
ments, is the design of a sort of anchoring system to permit a safe drilling process. In
fact, during drilling activities in microgravity environments, such as on small satellites
(e.g: Deimos) or asteroids, it’s fundamental to anchor the drilling equipment to the soil
to avoid the rotation or the translation of the latter together with the drill bit or the
experimental chamber respectively.
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The maximum TID which the Surface Sample Analyzer can withstand is 30 krad(Si)
considering the external structure made of ISO AL 99.5 with 2 mm thicknesses. The
analysis has been performed exploiting ESA’s SPace ENVironment Information System
(SPENVIS) [14]. The input parameters were:

• Mars reference system.

• the orbital parameters of the s/c. Thus, the mean orbital parameters of Deimos,
taken from NASA Jet Propulsion Laboratory database [47], have been inserted as
reported in Figure A.1.

• the date of the beginning of the orbit. It has been supposed starting from 2028.

• the mission duration. It has been considered equal to 1 year.

Figure A.1: SPENVIS input parameters - Courtesy of ESA.

The obtained result is shown in Figure A.2.
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Figure A.2: Total ionizing dose with respect to shielding thickness.

The only contribution of the Total Ionizing Dose on Deimos is due to solar protons.
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AIR dissipating area by radiation W

AL lateral area m2

AS area absorbing external radiation m2

a gears inter-axis m

aeff effective gears inter axis m

b band width m

beff effective band width m

bmin minimum band width m

C radial clearance m

Cr basic load rating N

C0r basic static load rating N

D screw diameter m

DA outer diameter of bearing in free configuration m

Db outer diameter of bearing in mounted configuration m

DC core diameter shaft m

De outer diameter of disc spring m

Di inner diameter of disc spring m

da inner diameter of bearing in free configuration m

dA distance of bearing A m

de outer diameter of bearing spacer m

dh hole diameter of outer race bearing spacer m

di inner diameter of bearing in mounted configuration m

dB distance of bearing B m

dC distance of bearing C m
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dD distance of bearing D m

di inner diameter of bearing spacer m

dM motor diameter m

dM+E motor + encoder diameter m

dp1 pinion reference diameter m

dp1eff effective pinion reference diameter m

dp2 gear reference diameter m

dp2eff effective gear reference diameter m

ds hole diameter of inner race bearing spacer m

Fa axial force N

FaA
axial force at bearing A N

FaB
axial force at bearing B N

FaC
axial force at bearing C N

FaD
axial force at bearing D N

FaL
axial force at load N

FaRC
axial force at bearing RC N

FC centrifugal force N

FF friction force N

FL axial force at load N

FN resultant of normal forces N

Fr radial force N

FrA radial force at bearing A N

FrB radial force at bearing B N

FrC radial force at bearing C N

FrD radial force at bearing D N

FrL radial force at load N

FrRC
radial force at bearing RC N

FsA separating force at bearing A N

FsB separating force at bearing B N

FsC separating force at bearing C N

FsD separating force at bearing D N
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FsL separating force at load N

FsM separating force at motor N

Ft tangential force at teeth contact N

FtA tangential force at bearing A N

FtB tangential force at bearing B N

FtC tangential force at bearing C N

FtD tangential force at bearing D N

FtL tangential force at load N

FtM tangential force at motor N

F1 force provided by disc spring N

fs permissible static load factor -

fsC permissible static load factor of bearing C -

fsD permissible static load factor of bearing D -

GS solar flux W/m2

g acceleration of gravity m/s2

gαP
length of action m

H selector height m

H0 free height of disc spring m

H1 compressed height of disc spring m

Hs/c s/c height from planet surface m

h whole depth m

ha addendum m

hf dedendum m

I current A

K surface synthetic factor Pa

K∗ chosen surface synthetic factor Pa

L enclosed screw conveyor total length m

LCABLES cables length m

Lh basic rating life in hours s

LIN enclosed screw conveyor length inside 1U box m

LyC basic rating life of bearing C in years s
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LyD basic rating life of bearing D in years s

LM motor length m

LM+E motor + encoder length m

LOUT enclosed screw conveyor length out 1U box m

l length of bearing spacer m

M selector mass kg

Mmin minimum mass quantity kg

m gear module m

meff effective gear module m

nL rotational speed at load rev/s

nM rotational speed at motor rev/s

P pressure Pa

PEQ equivalent load N

PEQC
equivalent load at bearing C N

PEQD
equivalent load at bearing D N

PEQ0 equivalent load N

PM power at motor W

PL power at load W

p pitch m

pb base pitch mm

pf fitting at tooth base mm

Q heat W

Qa heat due to albedo W

QaDeimos
heat due to Deimos albedo W

QaMars
heat due to Mars albedo W

QCOLD total heat in cold case W

Qm theoretical mass flow rate kg/s

Qheater heat provided by heater W

QHOT total heat in hot case W

QintCOLD
internal heat in cold case W

QintHOT
internal heat in hot case W
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QIR heat due to radiation W

QIRDeimos
heat due to Deimos radiation W

QIRMars
heat due to Mars radiation W

Qradiator heat subtracted by radiator W

QS heat due to Sun radiation W

Qt volumetric theoretical throughput m3/s

R selector radius m

RM mean radius m

RP planet mean radius m

r generic radius m

s thickness of disc spring m

T temperature K

TCOLD temperature in cold case K

TCOLDmax
maximum admissible temperature in cold case K

THOT temperature in hot case K

THOTmax
maximum admissible temperature in hot case K

TL torque at load Nm

TFTOT
total friction torque Nm

TFB
base friction torque Nm

TFL
lateral friction torque Nm

TM torque at motor Nm

Tmax maximum admissible temperature K

Tmin minimum admissible temperature K

TP planet temperature K

t blade thickness m

ts time s

UL tooth root synthetic factor Pa

U∗
L chosen tooth root synthetic factor Pa

u gear ratio -

ueff effective gear ratio -

V voltage V
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VA absolute velocity of particles m/s

VL conveying component of velocity m/s

VR relative velocity between particles and screw conveyor m/s

VS velocity of screw conveyor m/s

VT rotational component of velocity m/s

vL velocity at load m/s

W power supply W

WD driver power supply W

WE encoder power supply W

WM motor power supply W

X radial load factor -

Y axial load factor -

z1 pinion teeth number -

z1eff effective pinion teeth number -

z2 crown teeth number -

z2eff effective crown teeth number -

zmin minimum pinion teeth number -

α helix angle of screw deg

αM mean helix angle of screw deg

αP angle of pressure deg

αS solar absorptivity -

∆AB infinitesimal base area m2

∆FA infinitesimal axial force N

∆FD infinitesimal drag force N

∆FDA axial infinitesimal drag force component N

∆FDT tangential infinitesimal drag force component N

∆FN infinitesimal normal force N

∆FNa infinitesimal lateral normal force N

∆FNc infinitesimal centrifugal force N

∆FR infinitesimal resultant force N

∆M infinitesimal mass kg
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ϵαP
contact ratio -

ϵIR infrared emissivity -

η efficiency -

λ helix angle of particle path deg

λM mean helix angle of particle path deg

µ friction coefficient -

µi internal friction coefficient -

ϕs friction angle between bulk solid and screw surface deg

ϕi internal friction angle deg

ρ density kg/m3

σ Stefan Boltzmann constant W
m2K4

ω selector angular velocity rad/s

ωL angular velocity at load rad/s

ωM angular velocity at motor rad/s
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CAD Computer Aided Design

CCW Counter Clockwise

COTS Commercial Off The Shelf

CTE Coefficient of Thermal Expansion

CVCM Collected Volatile Condensed Material

CW Clockwise

EPS Electric Power System

LoC Lab-on-Chip

NEOs Near-Earth Objects

OBDH On Board Data Handling

RML Recovered Mass Loss

s/c Spacecraft

SSA Surface Sample Analyzer

TBD To Be Determined

TCS Thermal Control System

TID Total Ionizing Dose

TRL Technology Readiness Level
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