
���������������	�
�	��

���
���
�����������������
�	�
�����
�����
���������������
��������
�����	���
�����������
�����������������������������������
����
���
������������

�����������������	�����
����������

�
������������������
� �!�
�
���
���������"�
���������#�����
�	�����
�����������
�$�����#���%�
���&�������
���!�������������	���'�� �#���(�!�
���'�	�
�����������
���!�������#�����
���
�	�
�����)�
�����������*�#�����
���������������
�����	���#���+�
���'������
�,�
�����#�����
�	�����
�������������
�����#���+�
�������������������	�����
�#���-�'�
���
���
�������������	�#�����������
���
���
����� �
�	���
�#���+�	�����'���
�������.������

�
���������	����������������������
�/�0�/�0���1�0���/�2

�
����������������������������
�!�����������3�3���
���*�
�	���3�!�����������3�3���
���*�
�	���3�1�0�*�4�2�/�2�3�����!�5�������0�0�0�6�7�0�1�/�/

�����������������������	����������
�8�����(�
�����	�����!���������9�
�����(�
�������	�����
�����:�������,���	������������

���!���������
�������;�
�������������	�
���������
�����
���
�������
�������������
�������
�;�����
�
�������	�
�������!�������������<���	�����!�����������
�	���!���(�
�������������
���*
�=�
�	�����
�	�����������
�	���
�����
�������������
���������
���������������!���������	�������
�����������*

https://orcid.org/0000-0003-1229-7537
https://doi.org/https://doi.org/10.3929/ethz-b-000450122
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Robotic Exploration of Enceladus' Surface: Sampling, Testing, and
Modeling
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Robert Hodyss1, Paul Backes1 Scott Moreland1, Mircea Badescu1,

Tyler Okamoto1, Dario Riccobono4, Alex Brinkman1

Abstract— Enceladus is a high-priority astrobiology target,
as materials from its potentially habitable interior ocean are
present on its surface. Landed missions on Enceladus could fur-
ther our understanding of the chemical make-up of the surface
and the subsurface ocean and seek traces of biosignatures and
life.

Here we present laboratory experiments which suggest that
plume deposits would likely be poorly consolidated and rela-
tively easy to sample. Sampling systems like a dual rasp would
enable a landed mission on Enceladus' surface to acquire large
amounts of surface materials for analysis of trace constituents.

Finally, we present a physics-based numerical mechanical
model of the icy surface that provides calibrated terrain param-
eters values which can be used for terramecahnic simulations
of robotic interactions.

I. I NTRODUCTION

Enceladus is an icy moon of Saturn and is part of the
Ocean World - planets that may harbor extraterrestrial life.
Observations from the Cassini mission suggest that Ence-
ladus has a subsurface ocean which contains ingredients that
may sustain life [1].

Enceladus has continuously erupting ice plumes that eject
material from the subsurface liquid ocean out of surface
vents. Some of the material contributes to Saturn's rings
while some of the material falls back to the surface. The
surface material has the potential to include evidence of life
in the subsurface ocean if it exists there [2].

Landed mission concepts could be able to acquire much
larger amounts of materials than plume �y-through concepts,
avoiding hypervelocity capture and allowing higher sensitiv-
ity to trace constituents, thereby providing greater robustness
of science results [3].

II. A DUAL RASP SURFACE SAMPLING SYSTEM

The Dual-Rasp sampling system offers speci�c capabil-
ities for the collection of surface samples for the landed
Enceladus mission [7].

Enceladus' low gravity (0.01 g) limits the allowable reac-
tive load from the sampling operation to less than 8N [6].
Rasps are capable of acquiring a wide variety of weak to
strong materials while exerting a reaction load of less than
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8N [7], which is substantially less than alternative methods
for sampling, including drills and scoops.

It is also required that only very shallow surface material
at the top of� 1 cm would be acquired by a sampling system.
This surface material would be the freshest plume material
that has fallen and consequently the most re�ective of the
current state of Enceladus' subsurface ocean. Processes such
as UV radiation, impact gardening, or others are less likely
to have altered fresh material.

A two degree-of-freedom robotic arm is expected to de-
ploy the Dual-Rasp from a lander. The sampler has counter-
rotating rasps that break apart surface material, as shown
in Figure 2. The cuttings created by the rasps are directed
by a guide towards a sample collection cup. The guide is
shaped as an ellipsoid such that the rasps are at one focus
while entrance of the sample collection cup are at the second
focus. The material is then transferred by a pneumatic sample
transfer system to a sample handling system for the science
analysis instruments on the lander.

The sampling system [7] was designed for sampling
from surface material up to� 10 MPa of cone penetration
resistance, given the estimated plume deposit strength of< 1
MPa [5], and allowing for strength uncertainty and the need
for mission robustness.

Fig. 1. (a) Dual-Rasp sampling system with carousel above loose material
simulant (b) The sample guide elliptical shape directs the sample stream
into the sample collection cup.

III. STRENGTH EXPECTATIONS OF THEICY PLUME

SURFACE DEPOSITS

To estimate Enceladus' surface strength for the optimiza-
tion of the sampling system design, a laboratory study
was conducted on �ne grained ice particles analogues to



Enceladus' plumes. Plume deposits are expected to consist
initially of loose �ne-grained ice crystals, that forms a
granular and unconsolidated material. Over time, the ice will
then sinter steadily and become more consolidated [4]. At
present, the mechanical properties of plume deposits and
how they form are not well constrained. A recent laboratory
study [5] explored the evolution of the strength of �ne
grained ice particles with diameters comparable to the plume
particles of Enceladus upon sintering. Measurements of cone
penetration resistance were obtained as a function of time and
temperatures (see Figure 1-a). An Arrhenius strengthening
rate analysis yielded an activation energy of 24.3 kJ / mol,
which was then used to model the strength evolution of
plume deposits under the surface conditions of Enceladus
and Europa (see Figure 1-b).

Based on these �ndings, it is expected that plume deposits
on Enceladus would be poorly consolidated. The develop-
ment of a resistance of 1 MPa under Enceladus' nominal
surface conditions would require at least 100 My. The area
near the Tiger Stripes, where strengthening rates would be
high, would be covered by fresh unconsolidated particles
deposited at a rate of up to� 1 mm/yr [8].

Plume deposits on Enceladus are likely to be poorly con-
solidated, so it is expected that low-force sampling systems
will be able to acquire large amounts of materials.

Fig. 2. (a) Evolution with time of the cone penetration resistance of
ice plume deposit analogs at several temperatures. (b) Predicted cone
penetration resistance of icy plume deposits as a function of temperature
and sintering time. Black contours are for the best-�t activation energy
value. Dashed and dotted contours illustrate the effect of the uncertainty on
activation energy. For legibility, these contours are only shown for the 10-5
(white) and 100 MPa (red) cone penetration resistance levels. Modi�ed after
Choukroun et al. [5].

IV. M ODELING THE SINTEREDICE FOR ROBOTIC

INTERACTION SIMULATION

A numerical model is desired to validate the design of
sampling systems and extrapolate to Enceladus real condi-
tions.We developed a physics-based numerical mechanical
model for the surface of icy bodies that explicitly represents
the microstructure and its evolution upon sintering based on
Discrete Element Modeling (DEM). The simulation repli-
cates the experiments outlined in [5]. The cone penetration
test is simulated with samples of ice plume deposit analogs
that have sintered over different times at different tempera-
tures.

The ice grains are treated as rigid bodies that interact via
contacts. The complex inter-particle solid bonds are modeled
with a cohesive force. This allows describing the fracture
behavior and the sintering process of ice in a direct and
physics-based way.

As opposed to prevalent bond models, the cohesive bonds
used in our model enable the bond to fragment and reform
dynamically during the simulation and, in principle, allow to
carry out inde�nitely long simulations with large deforma-
tions and arbitrary interactions.

The bond parameters are calibrated to �t experimental
results following a novel easy-to-implement Bayesian prob-
abilistic calibration method that incorporates experimental
uncertainties.

Following a Pareto-optimality approach, the model dimen-
sion and grain size were carefully calibrated. The in�uence
of grain and bond parameters was extensively analyzed
with a sensitivity analysis that helped reduce the model's
complexity without compromising its versatility.

Our model replicates the results of experimental ice
strengthening and to re�ect the physical micro-mechanics of
ice and its evolution upon sintering. This numerical model,
which is inherently terramechanical, is especially helpful for
engineers in optimizing the design of robots and sampling
systems for planetary exploration. It can be generalized
to accommodate different loading conditions and can be
interfaced with a multi-body dynamics software to simulate
complex robotic interactions such as traversing or sampling.

Fig. 3. (a) Custom cone penetrometer apparatus used in this study.
Dimensions are in cm (b) (left) DEM simulation setup of a cone penetration
test of sintered ice particles (right). Cut-off view at the sample median at
t = 0 :5s showing the particles in contact with the cone along with the cone
dimensions.
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�‡ �6�D�W�X�U�Q�¶�V���L�F�\���P�R�R�Q�����(�Q�F�H�O�D�G�X�V����is considered to beone 
of the most likely place in the Solar System to harbor 
life. 

�‡ Several landed robotic exploration mission concepts 
to sampleand analyze the surface are in development. 

�‡ The Dual-Rasp sampling system [1] was developed 
for this purpose. It is capable of acquiringmaterial of 
up to �ý10 MPa cone penetration resistance while low 
exerting low reaction loads. 

Part of this work has been conducted at the Jet Propulsion Laboratory, California Institute of Technology, under contract to NASA. Governmentsponsorship acknowledged. Copyright 2020. All rights reserved.

�‡ �7�R���H�V�W�L�P�D�W�H���(�Q�F�H�O�D�G�X�V�¶���V�X�U�I�D�F�H���V�W�U�H�Q�J�W�K���I�R�U���W�K�H��
optimization of the sampling system design, a 
laboratory study was conducted on fine grained 
ice �S�D�U�W�L�F�O�H�V���D�Q�D�O�R�J�X�H�V���W�R���(�Q�F�H�O�D�G�X�V�¶���S�O�X�P�H�V

�‡ Measurements of cone penetration resistance 
were obtained for Ice samples that have sintered 
over different times andat different 
temperatures [2].

�Ÿ �%�D�V�H�G���R�Q���W�K�H�V�H���I�L�Q�G�L�Q�J�V�����L�W���L�V���H�[�S�H�F�W�H�G���W�K�D�W���S�O�X�P�H���G�H�S�R�V�L�W�V���R�Q���(�Q�F�H�O�D�G�X�V�¶���V�X�U�I�D�F�H��
would be poorly consolidated with low strength levels.

�‡ A numerical model is desired to validate
the design of sampling systems and 
extrapolate to Enceladus real conditions. 

�‡ We developed a physics-based numerical 
model based on Discrete Element 
Modeling (DEM) that explicitly 
represents the microstructure and its 
evolution upon sintering

�‡ The simulation replicates the experiments 
outlined in Figure 3. 

I. Introduction

II. Testing

III. Modeling

Figure 4 (a) Evolution of the cone penetration resistance of ice plume deposit analogs at several temperatures. (b) 
Predicted cone penetration resistance of icy plume deposits as a function of temperature and sintering time. Dashed 
and dotted contours illustrate the uncertainty on the activation energy. 

Figure 5 (left) DEM simulation setup of a cone penetration test 
of sintered ice particles (right). Cut-off view at the sample 
median at t= 0.5s showing the particles in contact with the cone

Figure 1. The sample guideelliptical shape directs the 
sample stream into the sample collection cup

Figure 3. Custom cone penetrometer apparatus 
used in this study. Dimensions are in cm 

Figure 7: Evolution of the calibrated model parameters, (a) Cohesion Energy Density �Ÿ(b) Friction Coefficient ��, 
based on the Cone Penetration Test. The marker size reflects the likelihood of each calibrated parameter. The dashed 
line is a weighted linear regression

Figure 2. Dual-Rasp sampling system with carousel above 
loose material simulant

�‡ The sampler has counter-rotating 
rasps that break apart surface material 
and direct the cuttings to an ellipsoid-
shaped guide.

�‡ The collection cup is located at one 
focus of the ellipsoid while the rasps 
are at the other focus.

�‡ The material is then transferred by a 
pneumatic system to the onboard 
science analysis instruments.

�‡ The inter-particle sintered bonds are modeled with a cohesive bond modelwhich 
allows a direct and physics-based description of the fracture behavior and the
sintering process of ice.

�‡ An Arrhenius strengthening rate analysis of the 
strength results yielded an activation energy of 
24.3 kJ/mol - comparable to that of water vapor 
diffusion [3].

�‡ This value was subsequently used to model the 
strength evolution of plume deposits under real 
surface conditions (Figure 4-b). 

�‡ The development of a resistance of 1 MPa under 
�(�Q�F�H�O�D�G�X�V�¶���Q�R�P�L�Q�D�O���V�X�U�I�D�F�H���F�R�Q�G�L�W�L�R�Q�V���L�V���S�U�H�G�L�F�W�H�G��
to require at least 100 My. 

[1] Backes, Paul, et al. "The Dual-Rasp Sampling System for an Enceladus Lander." 2020 IEEE Aerospace Conference. IEEE, 2020
[2] Choukroun, Mathieu, et al. "Strength evolution of ice plume deposit analogs of Enceladus and Europa." Geophysical Research Letters  (2020)
[3] Molaro, Jamie L., et al. "The microstructural evolution of water ice in the solar system through sintering." Journal of GeophysicalResearch: Planets (2019)

�‡ The model dimension and grain size were carefully calibrated following a Pareto-
Optimality approach and the influence of grain and bond parameters was extensively 
analyzed with a sensitivity analysis.

�‡ The bond parameters were calibrated to fit the experimental results following a novel 
easy-to-implement Bayesian probabilistic calibration method that incorporates 
experimental uncertainties. 

�‡ The evolution of the numerical parameters matches very well with the evolution of 
the overall sample cone penetration resistance

�‡ This correspondence establishes a link between the micro-mechanical and the macro-
mechanicalproperties of the sample and suggests that the evolution of the inter-grain 
interactions upon sintering is a significant strengthening mechanism of ice

�Ÿ Our model was found to match the results of experimental ice strengthening well and to 
reflect the physical micro-mechanics of ice and its evolution upon sintering. 

�Ÿ Since this model was tuned to cone penetration tests, its performance should be first 
evaluated on other geometries, then generalizedto accommodate other loading conditions.

�Ÿ This model can beinterfaced with a multi -body dynamicssoftware to simulate complex 
robotic interactions such as traversing or sampling

Figure 6 Cohesive Bond Model


