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Abstract

The analysis of robotic systems (e.g. landers and rovers) involved in sampling operations on planetary bodies is crucial to
ensure mission success, since those operations generate forces that could affect the stability of the robotic system. This paper
presents MISTRAL (Multldisciplinary deSign Tool for Robotic sAmpLing), a novel tool conceived for trade space explora-
tion during early conceptual and preliminary design phases, where a rapid and broad evaluation is required for a very high
number of configurations and boundary conditions. The tool rapidly determines the preliminary design envelope of a sampling
apparatus to guarantee the stability condition of the whole robotic system. The tool implements a three-dimensional analyti-
cal model capable to reproduce several scenarios, being able to accept various input parameters, including the physical and
geometrical characteristics of the robotic system, the properties related to the environment and the characteristics related to
the sampling system. This feature can be exploited to infer multidisciplinary high-level requirements concerning several other
elements of the investigated system, such as robotic arms and footpads. The presented research focuses on the application of
MISTRAL to landers. The structure of the tool and the analysis model are presented. Results from the application of the tool
to real mission data from NASA’s Phoenix Mars lander are included. Moreover, the tool was adopted for the definition of
the high-level requirements of the lander for a potential future mission to the surface of Saturn’s moon Enceladus, currently
under investigation at NASA Jet Propulsion Laboratory. This case study was included to demonstrate the tool’s capabilities.
MISTRAL represents a comprehensive, versatile, and powerful tool providing guidelines for cognizant decisions in the early
and most crucial stages of the design of robotic systems involved in sampling operations on planetary bodies.

Keywords Design tool - Sampling - Robotic systems - Lander - Planetary exploration

Abbreviations DOF Degree of freedom
ISAD Icy soil acquisition device 3D Three dimensional
LRF Lander’s reference frame
MISTRAL Multldisciplinary deSign tool for robotic

sAmpLing 1 Introduction
NASA National aeronautics and space

administration Robotic systems such as landers and rovers have been a cru-
RA Robotic arm cial component for the exploration of planetary bodies since
RARF Robotic arm reference frame the beginning of the space exploration history. The Soviet
DE Design envelope Union’s lander Luna 9 was the first human-made object per-

forming a soft landing on the surface of a planetary body
(i.e. the Moon) in 1966. Since then, fleets of robotic systems
have explored the Solar System, touching down on several
planetary bodies, and pushing the limits of our knowledge
of Solar System.
Department of Mechanical and Aerospace Engineering Robotic exploration began with several missions to the
%IMEAS)’ Politecnico Di Torino, Corso Duca degli Moon continuing to the present day, from the US and Soviet
ruzzi 24, 10129 Turin, ltaly Union’s probes of the 1960s and 1970s to the more recent
Chinese missions Chang’e 3 and its follow-up Chang’e 4 [1,
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2]. In the inner Solar System, several of the Soviet Union’s
lander missions visited Venus in the 1970s and 1980s, such
as the probes of the Venera and Vega programs. A notable
case is represented by the US Pioneer Venus Multiprobe that
delivered one large and three smaller probes to the surface
of Venus. One of the probes survived on the surface for
over one hour. Among planetary bodies, Mars was a his-
toric privileged target of space exploration with several mis-
sions including orbiters, rovers and landers. In 1971, Soviet
Union’s probes Mars 2 and Mars 3 were the first probes
achieving the surface of Mars, both carrying a small tethered
rover. Because of some malfunctions, they were not able of
returning useful data. In 1976, the US landers Viking 1 and
2 were the first probes returning useful data from the surface
of Mars [3], followed by the US landers Mars Pathfinder in
1997 [4] and Phoenix in 2008 [5]. The US InSight lander,
which touched down in late 2018, is the most recent of a
long series of Mars lander missions [6]. In the outer Solar
System, Saturn’s moon Titan was the only planetary body
of the outer Solar System visited by a landing mission to
date. The European lander Huygens, part of the Cassini-
Huygens mission, touched down on Titan in 2005 [7]. About
small Solar System bodies, various landing missions also
visited comets and asteroids. In 2001, the NEAR spacecraft
performed the first landing on a small Solar System body,
asteroid 433 Eros. The European mission Rosetta first deliv-
ered a lander, named Philae, on the surface of the comet 67P/
Churyumov-Gerasimenko in 2014 [8]. On the other hand,
MASCOT and MINERVA-II were the first landers/hoppers
landing on asteroid Ryugu as part of the Japanese mission
Hayabusa 2 in late 2018 [9].

Proposed future missions include significant robotic
contributions for planetary science in either the inner and
the outer Solar System, including planetary bodies such
as Mars, comets, asteroids and ocean worlds [10]. Among
ocean worlds, Saturn’s moon Enceladus and Jupiter’s moon
Europa are the target of several mission proposals with the
aim of finding potential life traces [11, 12].

Table 1 provides an overview of the main robotic lander
configurations adopted in space exploration. The overview
includes information on the configuration of legs and body
and the Robotic Arm (RA), manipulator or deployable that
perform the mission tasks.

Since the beginning of space exploration, robotic systems
(e.g. landers and rovers) were used for performing surface
imaging and collecting data about the environment by using
scientific instruments. As a result, surface and subsurface
sampling and sample collection soon became one of the pri-
mary goals of robotic missions, mainly for in-situ analysis
but also for sample return to Earth. Sampling operations can
be performed by using several tools such as scoops, drills,
backhoes, etc. Such tools might be fixed to the lander or sup-
ported and carried around by a RA in several configurations,
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as shown in Table 1. The RA configuration is selected to
fulfill mission requirements (e.g. performing sampling or
sensing at different locations on the surface). The RA has
the purpose of placing the sampling tool in the desired spot
on the surface while providing, together with the whole
robotic system, reaction against the forces generated during
the sampling operation. To guarantee a nominal sampling
operation, crucial to mission success, it is required that the
forces generated by the sampling system do not affect the
stability of the whole system. The traditional approach for
investigating various concepts for a robotic mission involved
in sampling operations relies on the preliminary definition of
a set of potential sampling tool candidates [28]. Therefore,
ad-hoc analyses on the stability of the whole robotic system
need to be performed every time a design parameter (e.g.
physical and geometrical characteristics of the robotic sys-
tem, properties related to the environment, physical and geo-
metrical features of the sampling tool) is modified [29-31].
At a higher level, the same process must be repeated every
time a new sampling tool and a new configuration of the
whole robotic system is investigated. Existing literature
focuses on the sampling tool design [32, 33], not includ-
ing the influence of the whole robotic system and the sur-
rounding environment. On the other hand, COTS simulation
tools, such as multi-body dynamics tools, allow addressing
complex systems. However, using such tools for building
a full design space that includes the variation of several
parameters is significantly time consuming and requires a
not negligible workload. Such tools would not be suited for
rapid preliminary evaluation of the design space for several
different configurations and boundary conditions, which is a
typical need for studies that require broad trades as typically
done in Concurrent Engineering Facilities. COTS simulation
tools are well suited for detailed design of a very restricted
number of solutions. In order to make this process more
time-effective and reliable, a systematic effort is required
to provide a flexible and comprehensive tool to help define
the high-level requirements of a robotic system involved in
sampling operations.

This paper presents MISTRAL (Multldisciplinary deSign
Tool for Robotic sAmpLing), a novel tool conceived for
trade space exploration during early conceptual and pre-
liminary design phases, where a rapid and broad evalua-
tion is required for a very high number of configurations
and boundary conditions. The tool rapidly determines the
preliminary Design Envelope (DE) of a sampling appara-
tus to guarantee the stability condition of the whole robotic
system. The tool implements a 3D (three-dimensional) ana-
Iytical model capable to reproduce several scenarios, being
able to accept various input parameters, such as physical and
geometrical characteristics of the robotic system, properties
related to the environment (i.e. gravity, physical and geo-
metrical properties of the terrain) and features related to the
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sampling system (i.e. geometry, applied forces). Moreover,
the model includes coupling effects among those param-
eters. This feature can be exploited to infer multidiscipli-
nary high-level requirements concerning several other ele-
ments of the investigated system, such as RAs, footpads, and
wheels. In this context, the DE is a graphical representation
of the parameter variation, a key element for obtaining a
comprehensive and rapid overview of the design space. Once
the design space is defined by using MISTRAL, high-level
trade-offs are conducted to narrow the range of variables. At
this point, more detailed evaluation of sampling operation
can be conducted on a narrower range of design variables by
performing further studies that exploit more accurate mod-
els, simulation tools and experimental tests. These further
activities help to identify design branches that will be the
subject of a series of medium to low-level trade-offs and
selections down to specific design points to analyze and test
at very high detail, until a single, final solution is identified
and verified.

The presented research focuses on the application of MIS-
TRAL to landers, even if the flexibility of the tool opens the
way of a future extension of its use to the analysis of rovers.

The remainder of this paper is organized according to the
following structure. Section 2 presents the structure of the
tool and the logic behind it, while Sect. 3 provides a detailed
description of the analysis model implemented by the tool.
Section 4 introduces the application of the tool to real mis-
sion data from the Phoenix Mars lander. MISTRAL has been
adopted for the definition of the high-level requirements of
the lander for a potential future mission to the surface of
Saturn’s moon Enceladus, currently under investigation at

NASA Jet Propulsion Laboratory. Section 5 presents this
case study to demonstrate tool’s capabilities. Finally, Sect. 6
closes the paper with conclusions and future developments.

2 Structure of the tool

MISTRAL is conceived as a tool to determine the prelimi-
nary DE of a sampling apparatus to guarantee the stability
condition of the whole robotic system according to the
investigated scenario.

The process starts with the scenario definition as shown
by Fig. 1, where the user inputs all relevant parameters
to characterize the scenario under investigation. The first
group of inputs includes physical and geometrical prop-
erties of the robotic system. In the case of considering a
lander, geometrical properties include main dimensions
and positioning of body, legs, and robotic arm. Physical
properties include the mass of the lander and the position
of its center of mass. The second group of inputs includes
the properties of the environment, such as the local gravi-
tational acceleration and the characteristics of the terrain
in terms of friction and slope distribution. The third group
of inputs includes the physical and geometrical properties
of the sampling system. Parameters such as the geometry
of the sampling system and the applied forces can be pro-
vided. The fourth group of inputs includes the required
margins for the stability of the whole robotic system.

The second phase of the process is the scenario analy-
sis. The analysis model takes the user inputs for evaluat-
ing the stability condition by solving a set of equations

Fig. 1 Block diagram of the tool ( 0 4 N
SCENARIO DEFINITION SCENARIO ANALYSIS
|
Input on physical/geometrical _" Evaluation of stability condition
properties of the robotic system
Input on properties of the
environment Are stability
margin Yes
requirements
Input on physical/geometrical fulfilled?
properties of the sampling system
No
Input on stability margin
requirements —{ New system configuration ‘
A J - v

@ Springer

Design envelope of
sampling apparatus
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characterizing the equilibrium condition of the robotic
system, as extensively explained in Sect. 3. In the case of
considering a lander, the equilibrium condition depends on
the reaction forces the terrain applies to the footpads. The
reaction forces are related to several parameters, such as the
lander weight which depends on its mass and on local gravi-
tational acceleration, the morphology and the physical char-
acteristics of the terrain (i.e. slope distribution and friction),
the sampling force applied to the terrain and the way it is
applied, which depends on sampling tool geometry. The tool
performs an optimization process to determine the maximum
allowed magnitude of the sampling force that prevents the
lander changing its equilibrium state, according to the stabil-
ity margins provided by the user. The stability margins are
defined with respect to the reaction forces required to keep
the equilibrium condition of the lander.

This process outputs the DE of the sampling appara-
tus according to the scenario under investigation. The DE
refers to a delimited range of the parameters within which
the lander keeps its static equilibrium condition with the
defined stability margins.

3 Analysis model

The 3D analytical model was developed to study the static
equilibrium of a lander with the aim of determining the
DE within which the sampling system should be designed.
The model provides an indication on the maximum allowed
magnitude of the sampling force that prevents the lander

Fig.2 Free body diagram (XY
plane view) for the 3-legged
lander. Qualitative scheme, not
to scale

changing its equilibrium state. To achieve this goal, the
model computes the three Cartesian components of the reac-
tion forces acting on each lander’s footpad. The evaluation
of the reaction forces enables the determination of the DE
of the sampling apparatus according to the investigated sce-
nario. The DE refers to a delimited range of the parameters
within which the lander keeps its static equilibrium condi-
tion with the defined stability margins. Rotational stability
is not explicitly addressed because it is usually anticipated
by the lifting of the legs, which is a stability limit addressed.
E.g. to get a single leg supporting most of the weight, the
other legs must lift off the ground first. By preventing the
legs from lifting off the ground, rotational stability issues
are usually avoided. Nevertheless, rotational stability will be
explicitly considered for the inclusion in the tool in future
developments.

The presented approach allows the evaluation of the
lander’s reaction to generic external loads having compo-
nents along the three Cartesian axes, meaning that:

¢ The lander’s weight F), has three components. This is the
effect of the ground slope angles about X axis (5g) and Y
axis (}/g), as shown in Figs. 2, 3, 4, 5.

e The sampling force F has three components. This con-
siders three effects. The first one is the effect of the incli-
nation of the sampling force with respect to the ground.
The second one is the effect of placing the sampling spot
off-axes, as shown in Figs. 2, 3, 4, 5. The third one is the
effect of the local ground slope angles about X axis ()
and Y axis (ys). The local ground slope angles are related

Fsy l Fs cosP

“P‘Q\a/“e/ a FSz FSX

Sampling force plane

Fs sinf
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Fig.3 Main geometric param-

Dx1

eters (XY plane view) for the
3-legged lander. Qualitative
scheme, not to scale
D,
vieed Col PN\ b
L, LRF P -~ P,
...... z -
R LRF Py
D
D, *
------- DXZ
P,
DxZ Dxl
CGz
AZ5F Fs.
Yigr Fsy Fsx

Fig.4 Free body diagram and main geometric parameters (XZ plane view) for the 3-legged lander. Qualitative scheme, not to scale

to the local geometry of the ground at the sampling spot,
which in turn influences the orientation of the sampling
force.

e The Center of Gravity (C,;) of the lander is off-axes.

As shown in Table 1, several lander configurations were
historically addressed. This paper considers a 3-legged
lander equipped with three footpads arranged as a regular
triangle shape, and a 4-legged lander equipped with four
footpads arranged as a square. This is consistent with some
of the most common architectures for legged landers. To
easily link the position of the footpads to the geometric
characteristics of the lander body, it was assumed that the

@ Springer

3-legged lander has a hexagonal body, while the 4-leg-
ged lander has an octagonal body. It should be noted that
any shape of the lander body can be used, since it is only
an easy method to link the geometric characteristics of
the lander to the position of its footpads, which in turn
determines the effect of the reaction forces on the lander
stability. It should be noted also that any arrangement of
the legs can be studied by adjusting the position of the
footpads. As an example, it would be possible to select
the three main loaded legs in a legged lander with more
than three legs (e.g. 4-legged lander), and switch between
them to explore the DE assuming the borderline case has a
single leg comes to no load (i.e. a 4-legged lander always
tilts slightly, although soft regolith mediates this).
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Zige, Ry,

Xire s Ray Yire '§R3v

—t

Cgy

i FSz

Fig.5 Free body diagram and main geometric parameters (YZ plane view) for the 3-legged lander. Qualitative scheme, not to scale

The Lander’s Reference Frame (LRF) is placed at the
ground level, while the origin of LRF is aligned with the
geometric center of the lander’s body. The resulting free
body diagrams are shown in Figs. 2, 3, 4, 5 for the 3-leg-
ged lander and in Figs. 6, 7, 8, 9 for the 4-legged lander.

Hereafter, bold printing indicates vectors while non-bold
printing indicates scalars.

an are the Cartesian components of the reaction force

acting on the n-th lander’s footpad (n = 1,2, 3,4).

Given the assumption on the lander’s body shape (i.e.
hexagon for the 3-legged lander, octagon for the 4-legged
lander) and footpads arrangement (i.e. regular triangle for
the 3-legged lander, square for the 4-legged lander), the posi-
tion of the footpads is defined via the parameters Dxl»2 and
D, for the 3-legged lander, and D, for the 4-legged lander.
It should be noted that those parameters are linked to the
geometric parameters D, d and L,, defining the general con-
figuration of the lander’s body and footpads (Fig. 2, 3, 4, 5,
6,7,8,9).

Fig.6 Free body diagram (XY Ry, R,y
plane view) for the 4-legged R R
lander. Qualitative scheme, not X 2z
to scale Rax Ry
" L’
. E Fsy Fs cosf
P
Yire P i .
e .-
Xirr ah 9\a/“ - Fs, Fsx
YRrarr e
Ll )
=X ?
ZRarF d Sampling force plane
R Fs sinf
4
’ Ry Fs
R4z B
Ry, R, Ry ground F c;sb' o
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Fig.7 Main geometric param-
eters (XY plane view) for the

4-legged lander. Qualitative
scheme, not to scale

RAX \ g
CGX le
Yire | Cey = I P
.~  /
O
Zigr LRF el P,
YRrare P & L
—
Zoare Xpdir
d
D
PX
D, D,
i FPz
@ _ )
FPy FPx
J
CGz H
R34, 1 4Zire bRy 2, Fs,
Rsay  Ragy Yirr XiRe Ri,2y Ry« Fsy Fs,
CGx

Fig. 8 Free body diagram and main geometric parameters (XZ plane view) for the 4-legged lander. Qualitative scheme, not to scale

F Py A€ the Cartesian components of the lander’s weight

F,. The position of the Cg is defined via the geometric
parameters Cg, . .

R, define the position of the RA on the lander’s deck.
Such geometric parameters define also the origin of the
Robotic Arm Reference Frame (RARF).

F,,,. are the Cartesian components of the sampling
force F,. The sampling force is applied to the sampling spot,
localized with respect to LRF and RARF via the geometric
parameters P, and P respectively. Equation (1-2) relate

X1y’
geometric parameters P 1 and R Ay

Xy? 7 X,y

@ Springer

P =Ry, +P, (1)

P)’ = RAy + P}’l (2)

In Figs. 2 and 6, the line joining the origin of RARF to
the sampling spot represents a plane containing the RA and
perpendicular to the XY plane. The sampling force F; lies
on the sampling force plane, which is oriented according to
both the position of the RA and the local geometry of the
ground at the sampling spot.
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Py
D, D,
} Fp,
-
2
Foy Foy
J
Ce, .
Ry, ZiRr R,  Fs,
Ri4 R XiRrF Yire R R F C
4x 1,4y 2,3 2,3y sx Fs,
CGy

Fig.9 Free body diagram and main geometric parameters (YZ plane view) for the 4-legged lander. Qualitative scheme, not to scale

a is the orientation of the RA plane with respect to the
XZ plane (i.e. a rotation about the Z axis of RARF), defined
astana = P, [P, .

p is the angle of the sampling force F; with respect to the
ground, located in the sampling force plane.

The vector components of the sampling force F are
computed by defining the local ground slope angles about
X axis (55) and Y axis (ys) of RARF. A rotation matrix is
defined for the rotation about the X axis, Y axis and the
Z axis, according to Eq. (3-5) respectively. The rotation
matrices are applied to the base sampling force vector
S = F,[cosp, 0, sinf] to obtain its components, according to
Eq. (6).

[1 0 0
0 cosé, —sind, 3)
| 0 sind, coso,

I =

R

[ cosy, 0 siny ]
A= 0 1 0 4)
| —siny, O cosy, |

cosa —sina O

A, =| sina cosa 0 5)
0 0 1
FS = AS]‘—‘SAXS (6)

The vector components of the lander’s weight F, are com-
puted by defining the general ground slope angles about X
axis (8,) and Y axis (, ) of LRF. A rotation matrix is defined

for both the rotation about the X axis and the Y axis, accord-
ing to Eqs. (7-8), respectively. The rotation matrices are
applied to the base weight vector W = [0, 0, —Fw] to obtain
the vector components of the lander’s weight, according to
Eq. (9). F,, = mg is the base weight force, where m is the
lander’s mass and g is the gravitational acceleration.

[1 0 0
0 coség —sinég @)
_0 sinég coség

cosy, 0 siny,
A,=[ 0 1 0 ®)
| —siny, 0 cosy,

F, =T, AW )

Equations (10-11) show the vector form of the systems of
equations to compute the reaction forces acting on the foot-
pads for a 3-legged and a 4-legged lander, respectively. Lines
1-2 in Eqgs. (10-11) derive from the free body diagrams and
represent equilibrium conditions with respect to LRF.

Line 3 in Eq. (10) represents the geometric conditions
imposed by assuming that the lander behaves as a rigid body.
This means that the relative distance between the footpads
does not change. The geometric conditions bring to the
assumption that the regular triangle shape does not change.
There are several ways to define a regular triangle. The one
selected is to impose that each side of the triangle has a
constant length equal to the other ones, as shown in Fig. 10.
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Fig. 10 Vectors joining the lander’s footpads for the 3-legged lander.
Qualitative scheme, not to scale

Lines 3-5 in Eq. (11) represent the geometric conditions
imposed by assuming that the lander behaves as a rigid body.
This means that the relative distance between the footpads does
not change. The geometric conditions bring to the assumption
that the square shape does not change. There are several ways
to define a square. The one selected is to impose that each
diagonal has a constant length equal to the other one (line 3).
Moreover, the two diagonals are imposed to be perpendicular
each other, similarly for the sides of the square (line 4), as
shown in Fig. 11. Finally, all the footpads are imposed to lie on
the same plane (line 5). This is obtained by imposing that the
determinant of matrix A (i.e. the matrix defining the equation
of a plane passing though the four footpads) is equal to zero.

> R, +F,+F,=0
> D,xR,+D xF,+D,xF,=0 (10)
L1, = Ly, = L5, = ¢

=
Il

' (Rnx,an,an> Reaction force vector acting on
n-th footpad
Fs= FS’FS,’FS,>

p pr’pr’FP:>

D, =D, = (Dx, ,Dy, 0) Footpads position vector 1

Sampling force vector

!
I

Lander weight vector
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L

Fig. 11 Vectors joining the lander’s footpads for the 4-legged lander.
Qualitative scheme, not to scale

D, = (DXZ, 0, 0) Footpads position vector 2
D, = (va Py, 0) Sampling spot position vector
D Center of Gravity position vector

X Coordinate of footpads 1-2,
dependent on lander geometric
parameters D, L (Figs. 2, 3,4, 5)
X Coordinate of footpad 3,
dependent on lander geometric
parameters D, L, (Figs. 2, 3,4, 5)
Y Coordinate of footpads 1-2,
dependent on lander geometric
parameters D, Lg (Figs.2,3,4,5)
Length of each side of the regular
triangle having the footpads as
vertices

) > R, +F +F,=0
21Dy XR, +D X F +D,xF,=0
lH ||, = [H,ll, =b (11)
H +Hy=L +L,=L;+L,=0
4] =0

Reaction force vector acting on
n-th footpad

R, = (Rnx,Rny,an)
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F,=(F,.F,.F,)

F, FpX’FPV’sz>
D, =D,=D;=D, = (D,,D,,0) Footpads position vector
D = (P.P,.0) Sampling spot position vector

D, = (ch, Coy CGZ)

Sampling force vector

Lander weight vector

Center of Gravity position

vector

X, Y coordinate of footpads
1-4 dependent on lander geo-
metric parametersD, d,Lg
(Figs. 6,7, 8,9)

Length of the diagonal of the
square having the footpads as
vertices, dependent on lander
geometric parameters D, d, Lg
(Figs. 6,7,8,9)

( \/5 - cos% > + §c0s§C0nstant adopted to simplif the

D, = (c +Lg)sin§

b= 2(c+Lg)

Y]]

c

notation, dependent on lander
geometric parameters D, d
(Figs. 6,7,8,9)

In order to exploit the geometric conditions in
Egs. (10-11), it is required to link those equations with the
variables to be computed (i.e. the reaction forces R). For this
reason, the point of contact between each footpad and the
ground was modeled via three springs along the three Car-
tesian axes. It is assumed that the springs have all the same
constant stiffness k. Given this assumption, it was found that
the physical solution of Egs. (10-11) is independent on the
value of the spring stiffness. The reactions forces can be
related to the displacement d of the lander’s footpads via
Eq. (12).

R=kd (12)

The goal is the evaluation of the maximum allowed
magnitude of the sampling force F| that prevents the lander
changing its equilibrium state. Therefore, the sampling force
F, represents the independent variable, while the reaction
forces represent the dependent variable. Equations (10-11)
were symbolically solved to get the explicit dependence of
the reaction forces from the sampling force, R, = f(F,). The
maximum allowed sampling force is defined such that the
reaction forces R, do not overcome a certain pre-defined
limit force. According to Eqgs. (13-14), the limit force is
computed by defining a margin for the reaction forces. The
limit force L,, is applied to prevent the lander from sliding
in the XY plane. The limit force L_ is applied to prevent the
lander from lifting off the XY plane (i.e. the ground).

The limit force L, is defined by applying a margin M,
with respect to the friction force F,, which is the boundary
for the incipient motion of the lander. According to Eq. (15),
the friction force is defined with respect to the Z component

of the n-th reaction force through the coefficient of friction
u between the lander’s footpad and the ground. The limit
force L, is defined by applying a margin M, with respect to
a pre-defined minimum value for the Z component of the
reaction force (K,).

Margins M,, and M, can get any positive real value, where
a value equal to 0 means a margin of 0%, a value of 1 means
a margin of 100%, etc.

L. =— "t

0T T+ M,) (13)
L =K(1+M,) (14)
F, = uR, (15)

The limit force L,, depends on the sampling force F
through the Z compoﬁent of the reaction force R, . On the
other hand, the limit force L, is pre-defined. ”

The maximum allowed magnitude of the sampling force
Fy, named F; , is evaluated by minimizing the objective
functions defined by Egs. (16-17).

2
J, = (ny - R%) (16)

J. = (LZ —an>2 a7

where R, = /R + Rﬁy

250

200

150

100 | /

Objective function

50  —

o E—0u e . . . . I
0 5 10 15 20 25 30 35 40 45 50
Magnitude of sampling force (Fs] [N]

Fig. 12 Example of convex objective functions
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The objective functions are convex, meaning that they
have a single global minimum (Fig. 12). The minimization
problem is defined according to Eqgs. (18-19).

(Fsmm) = n}ivnjxy (Fs) such thathl < Fs < Fs2 (18)

x/ xy

(F,,.). = minJ (F,) suchthat F, <F, <F, (19)

The minimization problem is solved by using the MAT-
LAB function fminbnd, which finds the minimum of a
single-variable function on a fixed interval [34, 35]. As a
conservative approach, the minimum value among the two
computed by solving the minimization problems is selected,
according to Eq. (20).

F,,, =min((F,.) - (F..).) 20)

F, is obtained with respect to a specific condition, since
all the | parameters (i.e. environmental, physical, geometrical)
except the sampling force F are defined prior solving the
minimization problem. At different environmental, physi-
cal or geometrical conditions correspond different values
of F;, .By exploring the parameters’ space, it is possible
to derive the DE of the lander. Three kinds of parameters
are used to define the DE: dependent, independent and
boundary.

The dependent parameters represent the output whose
variation is used to determine the static equilibrium condi-
tion. In this case, the dependent parameters are the reaction
forces R, acting on the lander’s footpads. The margin M.
on the value of the friction force F, is used to define the
limit ny of the DE in the XY plane. In fact, the friction
force determines the boundary for the incipient motion of the
lander. On the other hand, the margin M, on the null value
of the Z component of the reaction force is used to define
the limit L, of the DE along the Z axis. In fact, the null value
represents the boundary for the incipient lifting of the lander.

The independent parameters represent inputs that affect
the dependent parameters, in this case represented by the
magnitude of the sampling force F.

The boundary parameters represent all the inputs not
directly involved in the minimization process. Such param-
eters include.

Environmental parameters

e (Qravitational acceleration (g)

e Slope of the ground about X, Y axes (5g, yg)

e Local slope of the ground about X, Y axes at the sam-
pling spot (3;, 7,)

e Footpad-to-ground coefficient of friction ()

Physical and geometrical parameters of the lander

e Mass (m)
o Length of the leg’s projection in the XY plane (L,)
e Length of the body’s side (D)

e Cartesian components of the C position (CG >
X).2

e Margin on the reaction forces (M, )

Physical and geometrical parameters of the sampling

e Cartesian components of the position of the sampling
spot (Px,y)

e Inclination of the sampling force with respect to the
ground (f)

By changing the boundary parameters, it is possible to
explore several environmental conditions as well as sev-
eral physical and geometrical configurations related to both
lander and sampling (Fig. 13). Among potential sampling
tools, it should be mentioned that highly dynamic systems
such as drills are probably less suited to the application of
the technique presented in this paper.

A A
B
backhoe
N scoop scoop \ ..
p =180 deg =190 deg p=0deg p =180 deg B =190 deg p=0deg -
<— —’

Towards the lander

Towards the lander

Fig. 13 Some sampling system configurations that might be explored by changing the § angle
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Fig. 14 Engineering model of the Phoenix lander RA and ISAD.
Credits: NASA/University of Arizona

Table2 Force peaks registered during Phoenix Mars lander opera-
tions

Force References
magnitude

[N]

Name Force component

Dodo-Goldilocks 116-1 70
Dodo-Goldilocks 116-2 75

Normal to surface [36, 37]
Normal to surface [38]

Stone Soup 74, 76, 85, 100 Total force in [38]
88 excavation
plane

The name highlights the denomination of the excavation site followed
by a number indicating the reference sol (i.e. Mars day)

4 Application to NASA’s Phoenix Mars
lander mission

This Section presents the application of the tool to real mis-
sion data from the NASA’s Phoenix Mars lander.

The Phoenix lander touched down on 25 May 2008 in
the Green Valley, a high latitude Mars region, and oper-
ated until 2 November 2008, acquiring data during 152
sols (i.e. Mars days) of operations. The Phoenix lander
was equipped with a 2.4 m RA with an Icy Soil Acquisi-
tion Device (ISAD) (Fig. 14). The ISAD is composed by
a scoop capable of excavating trenches, a scraper blade for
hard soils and a rasp tool [36, 37].

Several trenches were excavated and resistive forces dur-
ing backhoe operations were derived. The highest forces
registered during mission operations are shown in Table 2.

The procedure aims to check that the force peaks lie
inside the DE of the Phoenix lander. Therefore, the first
step is the computation of the DE. The values of the model
parameters are shown in Table 3.

It was assumed that the body of the Phoenix lander has a
regular hexagonal shape. Given this assumption, the length
of the body’s side (D) was derived from [39].

The length of the leg’s projection in the XY plane (Lg) was
assumed from [37] by considering a proportion with respect
to the lander’s deck diameter [39].

The X, Y components of the C; position (CG“> were

assumed coincident with the LRF origin, while the Z com-
ponent (CG_> was assumed by considering the lander’s

height [39].

The lander’s mass was derived from [39].

The sampling system of the Phoenix lander is a backhoe.
The inclination of the sampling force with respect to the
ground (f) was derived from [38] and converted according
to the convention of Fig. 13.

A 100% margin on XY, Z components of the reaction
forces (M, . ) were assumed.

The slope of the ground was assumed only about Y axis
(yg), while the slope about X axis (5g) was assumed negligi-
ble. The local slopes at the sampling spot (y,, 6,) were also
assumed negligible.

The footpad-to-ground coefficient of friction (u) was
derived from the angle of internal friction of the soil (¢)
through the Coulomb’s law u = rang [40]. Since the angle
of internal friction is 38° +5° [38], the coefficient of friction
was found varying in the range 0.65 +0.93.

The sampling spot was assumed varying within the RA
workspace derived from [37]. The workspace is delimited
by an upper and a lower ends, and by an inner and an outer
circular sectors centered in the RARF origin (Fig. 16). The
inner and outer circular sectors have a radius of 1.52 m and
2.14 m, respectively. The radius of the outer circular sector
was derived from [37], while the radius of the inner circular
sector was assumed by considering a proportion with respect
to the outer radius. The upper and lower ends were assumed
spanning across a 90° angle.

The configuration assumed for the Phoenix lander is
shown in Figs. 15, 16. Such a configuration might be con-
sidered a worst-case scenario, since the lander is pulled
downhill by the RA.

The obtained DE is shown in Fig. 17, where each line
represents the locus of the points where the magnitude of
the sampling force F is maximum, according to the defined
margin. The DE was defined with respect to the ground slope
since this environmental parameter is particularly crucial for
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Table 3 Values of the model
parameters for the Phoenix

Constant parameters

lander Environmental parameters Value
Gravitational acceleration (g) 3.72 m/s?
Slope of the ground about X axis (8, ) 0°
Local slope of the ground about X axis at the sampling spot (63,) 0°
Local slope of the ground about Y axis at the sampling spot (yx) 0°
Physical and geometrical parameters of the lander
Length of the leg’s projection in the XY plane (L,) 0.2m
Length of the body’s side (D) 0.75 m

(C ) 0,0, 1) m

[X, Y, Z] components of the C; position Gryz
Margin on the reaction forces (M, ) (1, D
Mass (m) 350 kg
Physical and geometrical parameters of the sampling
Inclination of the sampling force with respect to the ground (f) 33.9°
Variable parameters
Environmental parameters Range
Slope of the ground about Y axis (;/g) (0+20)°
Footpad-to-ground coefficient of friction (u) 0.65+0.93

Physical and geometrical parameters of the sampling

[X, Y] components of the position of the sampling spot (le,yl )

Derived according to the
definition of the RA
workspace

Fig. 15 Phoenix lander worst-case configuration. The lander is
inclined about the Y axis and pulled downhill during backhoe opera-
tions. Qualitative scheme, not to scale

surface operations. Several max-F| lines were obtained by
changing the variable parameters within the defined ranges.
The DE is defined as the area underlying a max-F; line. The
DE of the Phoenix lander was selected as the area underlying
the lowest max-F line, considered as a worst-case scenario
(light blue area in Fig. 17).

In order to plot the mission data points reported in
Table 2, they have to be first converted to represent the
total magnitude of the sampling force, according to the
input required by the DE. Since the original Stone Soup
point represents the total force in the excavation plane, it
was assumed that it already represents the required input.
On the other hand, the original Dodo—Goldilocks points F;
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Fig. 16 Phoenix lander configuration. The sampling spot lies in the
green area. Qualitative scheme, not to scale

represent the normal force, so they have to be converted into
the required input through the inclination of the sampling
force with respect to the ground (f#). The new value an is
obtained through the equation F; = F; /sinf. The values of
the plotted data points are reported in Table 4.
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Variable parameters

Upper end (solid line)

Lower end (dashed line)
Inner circ. sector (blue line)
Outer circ. sector (red line)
Friction coefficient = 0,65 (o)
Friction coefficient =0,93 (o)

Validation points
Dodo-Goldilocks 116-1 (x)
Dodo-Goldilocks 116-2 (*)
Stone Soup 74, 76, 85, 88 (0)

10 1 12 13 14 15 16 17 18 19 20

Ground slope (':g) [deg]

Fig. 17 DE of the Phoenix lander together with the mission data points

Table4 Mission data point values converted according to the
required input for the DE

Name Force
magnitude
[N]
Dodo-Goldilocks 116—1 125.5
Dodo-Goldilocks 116-2 134.5
Stone soup 74, 76, 85, 88 100

The ground slope selected to plot the validation points has
a value of 7°, reported as the average value at the landing site
of the Phoenix lander [41, 42].

Figure 17 shows that the mission data points lie inside
the DE of the Phoenix lander, confirming the quality of the
approach, even considering the worst-case scenarios.

5 Application to a potential future mission

This Section presents the application of the tool to a poten-
tial future landing mission to the surface of Saturn’s moon
Enceladus with the aim to collect surface samples by using
a scoop-like sampling system. Such a potential future mis-
sion is currently under investigation at NASA Jet Propulsion
Laboratory. In such a context, the tool was adopted to derive
high-level requirements on the sampling system and to infer
high-level requirements on the lander system [28].
Enceladus is one of the most promising places in the
Solar System that might potentially host life beyond Earth.

Fig. 18 Enceladus lander worst-case configuration. The lander is
inclined about the Y axis and pushed downhill during scooping opera-
tions. Qualitative scheme, not to scale

The Cassini mission strongly suggested the presence of
hydrothermal activity and observed material from the sub-
surface ocean being ejected by plumes and then settling on
the surface [28].

The very low surface gravity of Enceladus represents
a new challenge for surface sampling. Even small forces
applied to the lander could weaken its equilibrium state,
potentially causing the lander to lift or slide downhill. There-
fore, a critical task is the evaluation of the effect of the forces
the sampling system might apply to the lander while per-
forming the sampling operations.
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YiRF/RARF
X\ RF/RARF

Z\ RE/RARF

Fig. 19 3-legged lander configuration for the Enceladus lander case
study. The sampling spot is aligned along the X axis. Qualitative
scheme, not to scale

RSz C RZz T~
Ry
YLRF/RARF
Fe, l XLRF/RARF . _st
E ©
£x Z\RF/RARF Fs;

Fig.20 4-legged lander configuration for the Enceladus lander case
study. The sampling spot is aligned along the X axis. Qualitative
scheme, not to scale

Two lander configurations were studied, a 3-legged and
a 4-legged lander. A sensitivity analysis was conducted to
determine which among the boundary parameters have low
sensitivity and can thus be considered constant. The bound-
ary parameters having a high sensitivity were then consid-
ered variable parameters. By exploring the space of the vari-
able parameters, it is possible to derive the DE.

The configuration under investigation is shown in
Figs. 18, 19, 20. Such a configuration might be considered
a worst-case scenario, since the lander is pushed downhill
by the RA. The RARF was assumed being coincident with
the LRF. The sampling force plane is aligned with the X
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axis, so the Y component of the sampling force is negligible.
Moreover, since the sampling system considered is a scoop,
the main component of the sampling force is along the X
axis. This means that the goal is to avoid the lander to slide
downhill, so the friction force along X axis is the driver to
calculate the max sampling force within the defined margin.

The chosen values of the model parameters are shown
in Table 5.

The DEs obtained are shown in Figs. 21, 22.

DE plots were conceived to rapidly assess the high-level
requirements of a sampling system. However, the benefits
of using such a tool are much greater. Since the model used
to build the DE considers the coupling among the sampling
parameters, the lander parameters, and the environmental
parameters, it is possible to use the plots to infer high-level
requirements concerning other lander systems.

From plots of Figs. 20, 21 it is possible to derive a
requirement for the lander’s footpads, a critical system for
lander’s stability. By assuming a lander’s mass of 500 kg and
a 4-m-long RA, it is possible to derive that a coefficient of
friction equal to 0.5 allows an incredibly low maximum F
(i.e. about 2 N). By increasing the coefficient of friction to
0.75 it is possible to sustain a maximum F|, four times greater
(i.e. about 8 N) (Fig. 23). A higher coefficient of friction can
be achieved by adding small heated pins with the purpose of
increasing resistance to lander’s footpad sliding. This turns
into a requirement for both the sampling system (i.e. maxi-
mum allowed sampling force) and the lander system (i.e.
footpad-to-ground coefficient of friction).

This example shows how powerful the tool is despite its
simplicity, allowing for a broad and rapid overview of the
design space, together with the most important parameters
at play for systems design.

6 Conclusions

Primary goals of robotic missions include sampling and
sample collection for in-situ analysis or sample return to
Earth. The analysis of robotic systems such as landers and
rovers involved in sampling operations on planetary bodies
is crucial to ensure mission success, since those operations
generate forces that could affect the stability of the robotic
system. The traditional approach for addressing such a prob-
lem involves iterative ad-hoc analyses to be repeated every
time a new sampling tool, a new configuration of the whole
robotic system or a new set of parameters defining the sur-
rounding environment need to be evaluated. In order to make
this process more time-effective and reliable, a systematic
effort is required to provide a flexible and comprehensive
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Table 5 Values of the model
parameters for the Enceladus

Constant parameters

lander case study Environmental parameters

Max magnitude of sampling force (F ) [N]

Value

Gravitational acceleration (g) 0.113 m/s?
Slope of the ground about X axis (8, ) 0°
Local slope of the ground about X axis at the sampling spot (65) 0°
Local slope of the ground about Y axis at the sampling spot (ys) 0°
Physical and geometrical parameters of the lander
Length of the leg’s projection in the XY plane (L,) 0.5m
Length of the body’s side (D) 1m

( c ) 0,0, ) m
[X, Y, Z] components of the C; position Gryz
Margin on the reaction forces (M, ) (1,1
Physical and geometrical parameters of the sampling
Y component of the position of the sampling spot (Py) 0m
Inclination of the sampling force with respect to the ground (f) 175°
Variable parameters
Environmental parameters Range
Slope of the ground about Y axis (yg) (0+-20)°
Footpad-to-ground coefficient of friction (u) 0.5+1

Physical and geometrical parameters of the lander
Mass (m)
Physical and geometrical parameters of the sampling

X component of the position of the sampling spot (PX)

(300+500) kg

2+6)m

n
o

[N)
5

N
N

n
=1

Variable parameters
Lander mass = 300 kg (solid line)
Lander mass = 400 kg (dashed line)
Lander mass = 500 kg (dash-dot line)
Sampling spot =2 m (blue line)
Sampling spot =4 m (red line)
Sampling spot = 6 m (black line)
Friction coefficient =0,5 (o)

Friction coefficient = 0,75 (o)
Friction coefficient =1 (¢)

0 1 2 3 4 5 6 T 8 9 10 1 12 13 14
Ground slope ("g) [deg]

Fig.21 DE of the 3-legged lander for the Enceladus lander case study. The ground slope is reported in absolute value for convenience
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Max magnitude of sampling force (Fs) [N]

Variable parameters
Lander mass = 300 kg (solid line)
Lander mass = 400 kg (dashed line)
Lander mass = 500 kg (dash-dot line)
Sampling spot = 2 m (blue line)
Sampling spot =4 m (red line)
Sampling spot = 6 m (black line)
Friction coefficient = 0,5 (0)

Friction coefficient = 0,75 (o)
Friction coefficient =1 (0)

10 1 12 13 14 15 16 17 18 19 20

Ground slope (7‘9) [deg]

Fig.22 DE of the 4-legged lander for the Enceladus lander case study. The ground slope is reported in absolute value for convenience

%65
24|
22

20

8N max force w/
nchoring systems

Variable parameters

Lander mass = 300 kg (solid line)
Lander mass = 400 kg (dashed line)
Lander mass = 500 kg (dash-dot line)
Sampling spot =2 m (blue line)
Sampling spot =4 m (red line)
Sampling spot = 6 m (black line)
Friction coefficient =0,5 (o)

Friction coefficient = 0,75 (o)
Friction coefficient =1 (0)

Max magnitude of sampling force (F_) [N]

2N max force w/o
anchoring systems

10 11 12 13 14 15 16 17 18 19 20

Ground slope (7,) [deg]

Fig. 23 Use of the DE for general systems design. Example for the 3-legged lander configuration

tool to help defining the high-level requirements of a robotic
system involved in sampling operations.

This paper presented MISTRAL, a novel tool conceived
for trade space exploration during early conceptual and pre-
liminary design phases, where a rapid and broad evaluation
is required for a very high number of configurations and
boundary conditions. The tool rapidly determines the pre-
liminary DE of a sampling apparatus to guarantee the stabil-
ity condition of the whole robotic system. The 3D analytical
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model implemented by the tool has shown the capability of
reproducing several scenarios, being able to accept various
input parameters, including the physical and geometrical
characteristics of the robotic system, the properties related to
the environment (i.e. gravity, physical and geometrical prop-
erties of the terrain) and the features related to the sampling
system (i.e. geometry, applied forces). Despite its primary
scope, the benefits of using MISTRAL are much greater.
It was shown that DE plots can be used to infer high-level
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requirements concerning other lander’s systems, such as the
RA, the footpads, etc. This comes directly from the ability
of the model of considering the multidisciplinary coupling
effects among the sampling parameters, the lander param-
eters, and the environmental parameters.

The tool has been applied to real mission data from Phoe-
nix Mars lander. Moreover, MISTRAL has been adopted for
the definition of the high-level requirements of the lander for
a potential future mission to the surface of Saturn’s moon
Enceladus, currently under investigation at NASA Jet Pro-
pulsion Laboratory. This case study was presented to dem-
onstrate tool’s capabilities.

In conclusion, MISTRAL represents a comprehensive,
versatile and powerful tool providing guidelines for cog-
nizant decisions in the early and most crucial stages of the
design of robotic systems involved in sampling operations
on planetary bodies. Future developments include the pos-
sibility to analyze other lander configurations (i.e. body, legs
and RA configuration). Moreover, quasi-static and dynamic
analyses will be included providing the capability to analyze
robotic systems equipped with dynamic sampling tools such
as drills. Future versions of the tool will provide the pos-
sibility to consider the flexibility of the legs. The mass of
moving parts of the RA and the tools attached at its tip (e.g.
sampling tools) will be also included, alongside the analy-
sis of rotational stability. Future activity will also include a
tool validation campaign through experimental tests and/or
simulation results. These improvements will pave the way
of an extension of the tool to the analysis of rovers involved
in sampling operations.
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