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Abstract

The work presented in this paper is focused on the low velocity penetrator dy-
namics as the penetrator is driven into a granular medium. Surface and subsurface
material of planets, comets and asteroids often consists of granular matter with
grain sizes in the range from about μm to mm, like terrestrial sand. Theoretical ap-
proaches addressed to such systems (penetrator + medium) can be roughly divided
into three categories: (i) microscopic models and molecular dynamics simulations,
(ii) statistical mechanics and kinetic theory and (iii) continuum and phenomeno-
logical models. The molecular dynamics model (MD model) has been chosen to
simulate the complicated dynamic interactions between each individual particle in
the container and the surface of the penetrator. One of the objectives of this paper is
to identify the optimal shape of the penetrator’s tip during the stepped motion into
a granular medium. Several simulations have been made assuming different conical
angles of the tip from 120◦ to 30◦. In addition, the dependency of the depth of pen-
etration on the curvature of the conic section has been verified. A second objective,
even more important, is to present the molecular dynamics (MD) method applied to
modelling the dynamic behavior of the mole penetrator in a dense granular medium
like quartz sand or gravel.

1 Introduction

The “mole” penetrometer is an axially symmetric intrusion device, which can move under
the surface, discover the properties of the subsurface medium, sample the material, and in
some cases, even return to the surface (Gromov et al., 1997; Kochan et al., 2001; Lorenz
and Ball, 2001). The mole penetrator can be treated as a transport device for different
sensors designed for in situ investigations in subsurface environments (Banaszkiewicz et
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al. 2007; Dabrowski and Banaszkiewicz, 2006; Seweryn and Grygorczuk, 2006). The mole
is driven by a hammering mechanism which accumulates energy in a spring and allows
the mole to move forward by directed internal shocks. Over the recent years, several
mole penetrators have been designed and tested in the laboratory. Some of them were
prepared for a space mission. One was developed by DLR in Cologne and was used on the
ill–fated Beagle–2 lander aboard the ESA Mars Express mission (Coste, 1998; Richter, et
al. 2002). Another interesting example is the HP3 instrument proposed by DLR Berlin
for the ExoMars mission (Knollenberg et al., 2007).

The budget restriction of mass and energy on a space instrument requires detailed inves-
tigation of the dynamic properties of the penetrator. The mole is a very good example
of an instrument where mechanical and dynamic properties play an important role and
should be optimized. In contrast to the standard penetrator, where the driving depth is
limited by the length of the sensor rod (Seweryn et al., 2005; Spohn et al., 2007), the
mole’s depth of penetration is limited only by coupled dynamic properties of the mole and
the surrounding medium (Richter et al., 2006) and by the length of the trailing tether. In
other words, the mole concept is very useful to bring various sensors to deep subsurface
layers and to measure physical properties and chemical composition of these layers. One
of the properties of the mole that can be improved is the shape of the tip. In this paper,
a method to obtain the optimal conical shape of the penetrator tip is presented.

In the last few years there have been many theoretical and experimental studies of surface
properties of comet and asteroid bodies (Britt et al., 2002; Brownlee et al., 2004; Gaffey
et al., 1993, 2002; Harris et al., 2005; Kömle et al., 2001). Many of them characterize
surface material as a granular or foam–like matter. Colangeli et al. (1999) and Weissman
et al. (2004) give the range of size distribution, grain shape and physical properties of the
comet material. Gaffey et al. (1993, 2002) present a detailed investigation of the wide
range of asteroids and provide information on their mineralogical characteristics. Many
papers and experiments have focused on the Martian regolith properties (Arvidson et al.,
2004; Moore et al., 1999; Ruff and Christensen, 2002; Squyres et al., 2006). In the last
few years the Moon has been a target of numerous scientific theoretical and experimental
considerations (Hill et al., 2007 and references therein). Lunar regolith is composed of
particles that were derived either from lunar bedrock or from older regolith, which was
formed when repeated meteoroid impacts pulverized the lunar bedrock, over–turning and
mixing it, until it became a fine powder. Particles are heterogeneously mixed, and can
range in size from microscopic to several meters or more in diameter, averaging between
60 and 110 μm (Willman et al., 1995).

Granular materials are systems of a large number of grains of various size, shape, and
material properties. The motion of each particle is defined by Newtonian mechanics
and contact mechanics of elastic and plastic deformation (Aranson and Tsimring, 2006).
Although the interaction between two particles is simple, the behavior of the whole system
is far from being understood completely (Hermann et al., 2001). The reason is that the
dynamics of granular material are highly dissipative, the behavior of the medium depends
on shear stresses, and in consequence the medium can be treated as a liquid or solid body
(Volfson et al., 2003). The behavior of a granular medium is determined by the contact
properties between the particles, i.e. Young’s modulus and damping coefficient (Ciamarra
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et al., 2004; Hermann et al., 1998). To describe the collective behaviour of a granular
medium, the particle properties and interaction laws must be inserted into a discrete
molecular dynamics scheme (Craig, 1997; Luding, 2004). From particle simulation one can
extract many physical properties including, for example, the pressure of the system as a
function of density, stresses, etc. (Luding, et al. 2001). The ODE equation of all particles
allows a macroscopic description of the material which can be described as a compressible
non–Newtonian complex fluid including fluid solid transition (Eggers and Riecke, 1998;
Volfson et al. 2003). A crucial role in our MD simulation plays the penetrator shape,
which in this study is modelled as a prism (Figure 1). In similar MD simulations the
corresponding object is named a polygon or composite particle (Pöschel and Buchholtz,
1995). The penetrator dynamics depends both on properties of the medium and on those
of penetrator itself, therefore a multi–parameter study is necessary to understand it.
However, in this paper we have focused on a single parameter, i.e. the penetrator conical
angle α (Figure 1) that we intended to optimize in order to get the best penetration
progress.
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Figure 1: Molecular dynamics representation of a granular medium and penetrator tip with
conical angle α.

The paper is organized as follows. First, we present a short theoretical description of the
MD simulation assumptions and restrictions. In the next section we give a set of simple
simulations to find out the overall characteristics of the system: elastic and damping
parameters of the granular medium boundary and initial conditions etc. In this section,
comparisons of our results with those obtained by Ciamarra et al. (2004) are provided to
validate our model. The fourth section includes all results from the simulations. Finally,
conclusions and future work directions are presented.
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2 Theoretical considerations

There exist three fundamentally different approaches to describe the dynamics of a gran-
ular medium: (i) the so–called soft particles simulation method, (ii) the event–driven
algorithm and (iii) the contact dynamics method for rigid particles (Aranson and Tsim-
ring, 2006; Luding, 2004; Pöschel and Schwager, 2005; Rapaport, 2004). Although in
general the event driven algorithm is much faster, our simulation was made using the soft
particle algorithm, which is more suitable for dense granular material. The soft particle
method uses the original model proposed by Cundal and Strack (1979). The method
is based on a Lagrangian formulation which assumes that particle position, orientation,
translational and angular velocity are independent variables. For this purpose, explicit
expressions should be evaluated for all forces acting between all particles in contact. Since
the deformation is associated with a change of particle shape (as determined by FEA ex-
plicit model), this poses a computationally big problem for a computer. However, the
deformation may be approximated by an overlap area of the particles pressed against
each other. Thus, the contact force Fij acts between the two particles i and j in the point
C and can be represented as sum of the elastic forces between them, which depend on
the overlapping geometry and on the viscous forces (which in turn depend on the relative
velocity between the particles (see Luding, 2004):

Fij ∼ k · δ + η · v (1)

Here k is proportional to Young’s modulus, η is the damping coefficient and v is the
relative velocity. The overlap δ is defined as the difference of the distance between the
centers of mass of the two particles and the sum of their radii ri + rj (Figure 2). This
value can only be negative. Otherwise there is no contact between the two particles.

Figure 2: Schematic view of two particles during overlapping contact. The motion parameters
are described in the inertial frame I, while the normal n and tangential t force components are
calculated in the point C.

When decomposing a vector F into its normal and tangential components, the normal
component is denoted as n and the tangential component as t. The unit normal vector
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is defined by the line connecting the center of mass of the two particles (Džiugys and
Bernhard, 2001). The origin of the non–moving laboratory coordinate system is located
at point I. Assuming that d << ri the relative velocity of the contact point C in Figure 2
is defined as

vij = vi + ωi × ri − (vj + ωj × rj) (2)

where the parameters indexed by i refer to the i’th particle’s translational and rotational
velocity. The same holds for particle j. The relative velocities (Eq. 2) can also be
decomposed into normal and tangential components. Various models are used to calculate
normal and tangential contact forces (linear Hookian contact law or Hertzian contact law)
(Aranson and Tsimring, 2006; Leszczyński, 2003; Schwager and Pöschel, 2007). In this
paper we apply Hook’s law and therefore the normal component of the force has the form

Fn = k · δ + mr · ηn · vn · θ(vn) (3)

where mr is the reduced mass of the two particles and θ is a Heaviside function to model
elastic–plastic interactions (Labous and Rosato, 1997). The tangential forces act at the
contact point. In absence of cohesion, Coulomb’s law describes the coupling between
the normal and tangential force Ft ≤ μ · Fn,where μ is the friction coefficient. In short
notation, the tangential contact law reads:

Ft = min(μ · Fn, mr · ηr · vt) (4)

where min follows the selection procedure described in the detail in Luding (2004). The
parameters of motion are defined in the normal and tangential components at the contact
point, then converted to an inertial frame and summed over each individual particle
according the following averaging procedure (Luding et al., 2001)

Fi =
1

V
p∈V

wf · Vp

Cp

c=1

Fic (5)

in which the inner summation is over all forces acting at the contact points, and next over
all particles in an arbitrary volume. This averaging procedure can be formalized for any
quantity, for example the stresses in the medium.

The problem of grain shape was discussed in detail in Džiugys and Bernhard (2001) and
the references therein. Real grains can be represented in a 3D model by spheres, ellipsoids,
polyhedrons, or in 2D by disks, ellipses or polygons. The main problem with a non
spherical shape is to detect the contact with a neighboring particle and then calculating
the overlap area, and the relative velocity in normal and tangential directions. For some
analytical shapes, direct solutions can be found. However, a considerable computational
expenditure is required for shapes that are more complicated. The most popular shape
of particles is a sphere for 3D (Bougie, et al. 2002; Hermann and Luding, 1998; Hermann



40 K. Seweryn et al.

et al., 2001) and a disk for 2D (Ciamarra et al., 2004; Volfson et al., 2003) models. The
polygon particle shape is also a popular way to describe a medium with a large number
of particles and sometimes allows one to reproduce the static friction better than the
conventional model. (Pöschel and Buchholtz, 1995). In the soft particle algorithm, all
forces acting on a particle either from walls or from other particles or external forces
are calculated based on the positions of the particles. Once the forces are found, time
is advanced by explicit integration of the corresponding Newtonian equations of motion
(Dormand and Prince, 1980). Translational motion of the center of gravity of a particle
i can be described by a system of Newton’s equations

dXi

dt
= Vi (6)

dVi

dt
= ai (7)

where the vectors Xi , Vi and ai are position, velocity and acceleration of the center of
gravity mi of particle i. For a 2D system Xi ∈ (xi, yi), Vi ∈ (vxi, vyi) and ai ∈ (axi, ayi).
Assuming that the i’th particle ( i ∈ (1, N), where N is total number of particles) is rigid,
the vector F is the sum of all forces acting on the particle. Rotational motion of the
particle i in the two dimensional case is describe by a Newton–Euler equation of the form

Ii · dωi

dt
= Ti (8)

where I is the general inertia tensor (in a 2 dimensional simulation, it is a scalar), ω is
the angular velocity and Ti is the torque. By definition, the torque T is the summation of
torques caused by the contact forces between the particles and can be written analogous
to (Eq. 5) by substituting Fic = Tic, where Tic = ri × Fic . The equation of rotational
motion in the 3D–simulation is much more complicated, it needs the full rank of the
inertia tensor and requires that the computation should be done in a body–fixed frame.
More detailed of information about rotational motion in free space can be found in Wertz
(1978).

The properties of granular flow are dependent on the boundary conditions at the wall
(Thompson and Grest, 1991). Often the proper boundary condition can determine the
behavior of the system. Several types of boundary conditions can be used: (i) walls,
which may be moving or stationary, (ii) inflow and outflow conditions and (iii) periodic
conditions. The first two are clear and are well defined in many papers, but the last one
is slightly tricky for its potential use in an MD simulation. If a macroscopic system can
be described as periodic, then a small but finite system of periodic characteristic length
scale dimensions can be extracted. Thus, the simulation of the small system represents the
macroscopic behavior with sufficient accuracy. Periodic boundary conditions are necessary
when the small system has the same conditions on the corresponding boundaries. For
example, particles moving out at one edge of the container enter at the opposite edge
with the same dynamic parameters (Džiugys and Bernhard, 2001). The contact duration
is also of practical technical importance because the integration of the equation of motion
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is stable only if the integration time step of the numerical scheme used (e.g. Runge–Kutta
procedure) is smaller than the typical response time of the harmonic oscillator, which is
given as

tc =
π

k
m

+ η2

(9)

Various time integration schemes can be used to solve Eqs. (6), (7), (8) (Dormand and
Prince, 1980).

3 Description of the model

3.1 Model validation

This section is devoted to comparison and validation of the numerical code prepared
to perform a numerical simulation based on the theory outlined above. As a guiding
document we choose the paper of Ciamarra et al. (2004), in which the authors focused on
the time evolution of a projectile’s motion during impacting a granular material composed
of individual discs. They compared experiments and numerical simulations on a two
dimensional granular medium that yielded the time dependence of the drag force on the
projectile. Following them we perform the same molecular dynamics simulation with a disc
particle (radius R = 2.23 cm and mass M = 32.2 g) dropped into a bed of small particles
(discs). The impact velocity of the particle was 3.6 m/s parallel to the gravity vector.
To reduce crystallization, two sizes of small particles were used: 12600 small particles
(R = 0.228 cm, M = 0.049 g) and 2400 bigger particles (R = 0.316 cm, M = 0.097
g). The particles were uniformly distributed in the container and initially pre–stressed.
All model parameters, boundary conditions etc. were taken from Ciamarra et al. (2004)
with the exception of the simulation step which in our case is 3 times larger (i.e. 3 μs
instead of 1 μs). Figure 3B presents a screen shot from the simulation at 0.08 s. The
comparison between experimental results and the simulation is presented in Figure 3A.
The time evolution of position and velocity clearly shows that our model is consistent
with the experiment.

3.2 Molecular dynamics simulation of sand

The shape of the test container with sand is cylindrical and its dimensions (radius 30 cm
and height about 1 m) were chosen to minimize the influence of the walls on the penetrator
motion (Figure 4A). The number of sand grains (all have a radius of about 0.25 mm) in
such a container is about 108 and it is impossible to build and simulate such a big system,
because of the high computational costs involved. Therefore several simplifications of the
MD simulations were done to decrease the number of particles — all of these assumptions
are summarized in Table 1.
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Figure 3: Comparison between our MD–simulations and the results obtained by Ciamarra et
al. (2004). Panel B present a snapshot from the simulation. In panel A the position (left axis)
and the velocity (right axis) of the particle during motion are shown: for experiments (square
points); for Ciamarra et al. (2004) simulation results (dotted line), and for our simulation results
(solid line).

Figure 4: Schematic representation of simplifying assumptions used in simulations: the testbed
system (A) is represented as a two–dimensional box (B) with particles composed of real sand
grains (C).
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First of all we consider a two–dimensional box (25 cm width and 10 cm height), see
Figure 4B) with 2D disc–shaped particles which have the mass properties corresponding
to the equivalent mass in a 3D system. Each regular disk represents the composite particle
consisting of seven glued irregular grains (six particles around center one, see Figure 4C).
A similar approach was described in (Hirshfeld et al., 1997; Pöschel and Buchholtz, 1993).
Moreover, this assumption allows us to reduce the original Young’s modulus of sand grains
from 3×1010 (Cohen et al., 1994) to 103–104, which is unrealistically low. But the success
of other MD simulations with reduced Young’s modulus (Rapaport, 2002), despite this
flaw, captures much of the dissipative dynamics. If the grains were regular and single–
sized, the whole system would behave like a crystal, therefore two sizes of discs were used
(R1 = 0.6 mm, M1 = 0.022 g; R2 = 0.9 mm, M2 = 0.05 g) to avoid such crystallization
effects.

Table 1: Summary of the simulation model simplifications.

Testbed system (A) Simulation box (B) Composite particles (C)

No. of particles 108 105 104

Dimension 3D 2D 2D
Shape oval, ellipsoid elliptical cylindrical
Size distribution Supplier data sheet Not defined two size of particles
Simulation time steps 10−8 s 10−8 s 10−4 s

In the next set of models, we have tried to find appropriate values of the model constants
(k, ηn, ηt, etc.). Since we do not have a real mole penetrator yet, we made simple
experiments with a steel sphere (Rs = 12.2 mm and Ms = 11.2 g), falling down with
a velocity of 3.6 m/s (this corresponds to the 0.65 m height) and impacting the sand
surface. The measured depth of penetration was 22± 1 mm and this value was the main
fitting criterion (Figure 5). Moreover, we have tried to measure the velocity profile of
the impacting projectile using a simple, low cost optical device. The results were not
accurate enough, and only the qualitative behavior of the system was recorded, i.e. the
small backward motion at the end of the experiment (Figure 5). Although no formal
fitting method has been applied, the final results justify such a simplistic approach. The
main lessons learned from the attempted fitting concern physics of the granular medium
in a complicated system rather than mathematical estimates of the quality of the fit. Such
a rigorous approach was nevertheless excluded because of too high computational costs
(a single run takes about 30 h of CPU on a 2 processors AMD opteron 1.6 GHz computer
with 3 Gb memory).

The molecular dynamics simulation of the sand contains 15 000 discs. Any two of them
exert normal (Eq. 3) and tangential (Eq. 4) forces on one another with the following
constants: k = 103 (proportional to Young’s modulus), ηn = 104, ηt = 8×103 (viscoelastic
constants), and μ = 0.674 is the static friction coefficient (Craig, 1997). The reduced mass
mr is defined as m−1

r = m−1
A + m−1

B for the two particles A and B. Following Ciamarra
et al. (2004) we use the Heaviside function to simulate an elastic–plastic interaction.
According to the simulations of a dense medium presented by Lee and Herrmann (1993)
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Figure 5: The position profile of the steel ball during impact into sand obtained for the best
fitted simulation parameters (k, ηn, ηt). The single measurements (with RMS bar) of the final
penetration depth agree well with the simulation results. The ball and the sand surface are
schematically presented. Inset: angle of repose β obtained from MD simulation.

and by Taguchi (1992), we neglect the equation of rotational motion (Eq. 8) and therefore
the relative velocity (Eq. 2) has the simpler form vrel = vj − vi.

The key issue in solving the MD system is to define appropriate boundary conditions,
especially when the simulation should reflect the behavior of a huge system by a relatively
small number of particles. Since our system is symmetric to the x–component of the initial
position of the penetrator, we use a periodic boundary condition to the left and right wall
(Figure 4B) (Ristow et al., 1997). The boundary at the virtual bottom wall needs special
consideration. The series of simulations clearly show that we cannot use a typical wall
boundary condition because the time of wave propagation from the penetrator to the
bottom and back (∼ 0.03 s) is shorter than the time of the penetrator motion (∼ 0.05 s).
Therefore, we assume that the bottom wall should damp the motion of the particle near
the boundary exponentially with time (Figure 6).

Mathematically, one can cast boundary conditions in the following form:

Fn boundary = (k · δ + mr · ηn · vn) · θ(vn) (10)
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Figure 6: The 3D plot illustrates the time evolution (Y–axis) of the medium vertical velocity (Z–
axis) as a function of depth below the penetrator (X–axis). The gray intensity represents the
magnitude of the vertical component of velocity (white color correspond to the highest value).
The square points correspond to the maximum velocity below the penetrator. The black line
represents the exponential fit.

where k = 1, and the rest of the parameters are standard. It is important to note that the
normal force exerted by the wall to the particle is zero when the velocity of the particle is
positive. The effect of the application of such a boundary condition is shown in Figure 7,
where the top panel correspond to the behavior of the system with a standard boundary
condition, and the bottom one to case described by (Eq. 10). The particular curves in
both panels corresponds to the vertical component of the velocity vector in equally spaced
points below the penetrator (ee Figure 3). When we use boundary condition described
by (Eq. 10), the lower boundary layer of the discs does not oscillate and therefore does
not disturb the dynamics of whole system.

Another issue is to define proper initial conditions of the system. First, the static position
of each disc has to be defined according to the original scheme, which places the discs
one after another at minimum height and with zero velocity. Since the initial contact
force between the discs cannot be specified a priori, the calculations were carried to the
moment when the energy of the system was constant. In contrast to the matrix scheme
presented by Džiugys and Bernhard (2001) our ideas allow us to decrease the time needed
to obtain stable initial position.

The tip of the penetrator was modelled as a polygon shape particle (Pöschel and Buch-
holtz, 1995), see Figure 1), where the width and base height of the tip was 20 mm. The
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Figure 7: Velocity profiles of the medium in equally distributed points under the penetrator.
The curves correspond to the smallest depths. The top panel corresponds to the standard
wall boundary conditions, for which oscillations around zero velocity occur. The bottom panel
corresponds to the boundary condition that suppresses oscillations.

conical opening angle α is the major parameter of the penetrator tip, and the presentation
of how the dynamic properties depend on this angle is a major objective of this paper. The
force exerted by the tip has the same form as the force between particles (Eq. 3 and 4),
with the only difference being that the k parameters are two order of magnitude higher.
The whole algorithm was coded in MATLAB software using a sparse matrix (Gilbert et
al. 1992). The simulation uses a fourth order Runge–Kutta algorithm with a fixed time
step of 30 μs which is smaller than the time of impact from (Eq. 9).

4 Results

All simulations started with the same initial conditions described in the previous section
and were performed for the following conical angles: 120◦, 90◦, 60◦, 45◦, 30◦. In addition
a simulation with a nonlinear conical shape (ogive–shaped tip) was performed. The
advantage of a molecular dynamic simulation is, of course, that it opens up the possibility
of obtain position, velocity, forces and other dynamical properties of the system at each
point and at any time. The most interesting information, however, is the state of the
system at selected points of time. Therefore, we first present the time evolution of the
whole system (Figure 8); the first panel corresponds to the situation before impact (a),
then the penetrator impacts into the sand (b), next penetration with almost constant
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deceleration takes place (c and d), and finally the penetrator comes to rest in a certain
depth and the crater formed collapses (f).

Figure 8: Snapshots of the penetrator motion for four different stages: before impact, during
impact, during penetration and when the collapse occurs. In the first panel position of the tip
and the base are indicated.
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Figure 9 presents the velocity profile of the penetrator with different conical angles during
penetration. One can see two interesting effects. The first one, that was expected, shows
that a penetrator with a big conical angle, e.g. 120◦ (solid line) decelerates much faster
than a penetrator with a small conical angle, e.g. 30◦ (dotted line). Second, qualitative
differences between the MD simulation of the penetrator with the smallest and the one
with the highest conical angle are observed. In some period the velocity of the penetrator
with 30◦ conical angle changes linearly with time, but there is no such period for the
penetrator with 120◦ conical angle. This effect is probably caused by acoustic waves
which are excited in the latter case and which propagate vertically through the medium.
Integration of the velocity gives the position of the penetrator in the granular medium.
Note that Figure 10 represents position of the base of the penetrator (see Figure 8, first
panel) which is a more valuable information than the position of the tip. The different
initial positions of the penetrator are caused by different conical angles — the initial
position of the tip for all cases are the same. The obtained final penetration depths are
shown in Figure 11. Since the simulation box has dimensions of 20cm ×10cm, a molecular
dynamics simulation of the penetrator with a small value of the conical angle (i.e. (10◦

or 20◦) cannot be performed.

Finally, the dynamic properties of the penetrator with an ogive–shaped tip have been
examined . In this case the axial cut of the tip shape forms part of a circle (see Figure 12).
Initial and final angles were chosen as 25◦ and 45◦. respectively. Such a configuration has
been compared with the standard 25◦ and 45◦ conical angle penetrators. The obtained
position of the base of the penetrator is presented in Figure 13. It is important to note
that a penetrator with a circular shaped profile has almost the same dynamic properties
as a 25◦ standard conical penetrator, but the length of the tip is 30% shorter.
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Figure 9: The velocity profiles of the penetrator tip for different conical angles α.
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Figure 10: The position profiles of the penetrator tip for different conical angles α.
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Figure 11: The final penetration depth for different conical angles.

Figure 12: Geometry of three different penetrators tips; the one with 45◦ conical angle (bright
line), the one with 25◦ conical angle (mid gray line) and the one one with a curved conical
envelope (circular section with 200 mm radius of curvature) (dark line).
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Figure 13: The penetration progress obtained for the tips presented in Figure 12. The dashed
line corresponds to the 45◦ conical angle penetrator, the dotted line to the 25◦ conical angle
penetrator and the solid line corresponds to the ogive–shaped tip.
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5 Conclusions

The results of the performed molecular dynamic simulations in a granular medium can
be summarized as follows:

a) The molecular dynamics simulation of the regolith was taken from Aranson and
Tsimring (2006), Ciamarra et al. (2004), Džiugys and Bernhard (2001), Luding
(2004) and then successfully applied to solve the problem of motion of a penetrator
tip. However, as the method is computationally expensive, it is appropriate for a
dense, highly dissipative and compressible medium. The paper presents the back-
ground elements of the MD simulation with application to penetrometry. In the
future, the method will be extended using a parallel processing algorithm to solve
the model with a higher amount of grains.

b) The paper presents a novel approach to simulate the boundary condition on the
bottom wall, where the wave generated by collisions between penetrator and sand
is almost perfectly damped. In this situation, the penetrator is not disturbed by
the reflected wave and the number of particles can be limited to a value compatible
with the available computational resources.

c) The results from the simulations of the standard conical penetrator tip clearly show
that the depth of penetration depends on the conical angle of the penetrator tip
and it increases with smaller angle. It is important to note that those results were
obtained for simulations near the surface and that the dynamic behavior of a pene-
trator may change in the deeper regions of the regolith. Such a simulation will be
performed in the near future.

d) For a high conic angle, the resisting force of the medium decreases for a short
time period (Figure 9, solid line) and this fact can be used by the mole penetrator
mechanism to get additional velocity and, in consequence, achieve a higher final
depth.

e) The MD simulations confirmed that the curvature of the conical profile influences
the penetrator dynamics. Since the initial conical angle is 45◦, the strength and
durability of the tip is much higher, especially in the case of penetration in gravel
aggregate.

Future work will be focused on two different approaches towards the mole penetrator
dynamics problem. Both of them are related to each other. However, the first one involves
the simulation work i.e. coupled dynamics of the mole penetrator as a 3 mass system with
the granular matter, the dynamic properties of the mole in the deeper region where these
properties are crucial for them, and finally the full 3D simulation of the granular medium.
The second one relies on the problem of validation of the MD simulation. In this paper,
we compare the simulation results only with the simple drop tests. However, for the past
6 months, we have been developing a new mole penetrator which gives us the possibility to
compare the results from the MD simulation with experimental results. The experience
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gained with the previously successfully developed MUPUS penetrator, as well as the
computer aided MD simulation gives us the possibility to determine the optimal design
of the mole penetrator.
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Österreichischen Akademie der Wissenschaften, Wien (2001).

Luding S., Latzel M., Volk W., et al.: From discrete Eelement simulation to a continuum
model. Computer Method in Applied Mechanics and Engineering 191, 21–28 (2001).

Luding S.: Molecular Dynamics Simulations of Granular Materials. In: The Physics of
Granular Media (Eds. Hinrichsen H., Wolf D.E.), WILEY–VCH Verlag GmbH &
Co.KgaA, Weinheim, pp. 299–324 (2004).

Moore H.J., Bickler D.B., Crisp J.A., et al.: Soil–like deposits observed by Sojourner, the
Pathfinder rover. J. Geophys. Res. 104(E4), 8729–8746 (1999).
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