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ABSTRACT

The paper presents HEEP (High Energy and Efficiency
Penetrator) — the first of the new generation of
penetrators driven by an electromagnet (EM) drive. In
contrast to previously developed flight models of

MUPUS (Rosetta mission) and CHOMIK (Fobos-Grunt

mission), HEEP has a spectrum of innovations
dedicated to increase its energy and efficiency.
Particularly: new shape of the EM, reduction of eddy
currents, frictionless suspension of all moving parts,
increase of the capacitance of the -capacitor,
implementation of eight power settings. All these

technical features are discussed in the article. The first
promising simulation results of this dynamical system

are given and also functional tests are summarized,
proving its potential for broad application.

1. INTRODUCTION

CBK PAN (Space Research Centre of the Polish
Academy of Sciences) has been involved in the
development of low speed, hammer-driven penetrators
for many years. From the beginning (1996), the main
design challenge was focused on construction of
possibly simple yet powerful drive. The principle of

operation of the hammer-driven penetrators is well
known and described [1]. At this point it is only worth

to remind that it bases on mechanical interaction

between its three main masses components: mass of the
hammer, mass of the inserted rod and the counter-mass

(the inertial support of the system). It is important to
optimize proportions between the masses components;
however, the hammer drive is one of the most crucial
subsystems.

The requirement of being a simple and powerful drive is
met by an electromagnetic drive which can transform
electric, accumulated in capacitor energy into direct
linear motion of the hammer. Such attempt provides
high acceleration of the hammer with relatively short (a
few millimetres) stroke. In comparison to parallelly
developed solutions where energy is accumulated in the
helical spring [3], the electromagnetic drive has two
intrinsic advantages:

= Mechanical simplicity of the drive (direct drive)

which replaces motors, gears, screws, special latches or
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cams, necessary to realize energy transfer from the
spring.

» Feasible for power settings — this feature is
prectically not achievable for the spring drive
mechanisms. Power settings regulation allows

operating at optimal adjustment of the power to the
specific soil mechanical properties. In this case
destructive, higher than unavoidable, overloads on
sensors and electronics do not occur.

In 1998 CBK PAN developed a penetrator which used a
unigue solution that has not been applied before in
space missions — a hammering insertion device with an
electromagnetic drive. It was applied for the MUPUS

instrument for the ESA Rosetta mission led by Prof.

Tilman Spohn (DLR). MUPUS is equipped with a 40

cm long penetrator that carries 16 temperature and
thermal conductivity sensors. Fig. 1a shows the flight
model of MUPUS Insertion Device.

.

Figure 1. a) MUPUS Insertion Device [1], b) CHOMIK,
geological penetrator with the sampling container on
the electronic box [2].

Simple and reliable MUPUS hammering drive brought
our attention to a possibility of employing such device
as a part of sample acquisition tool. This idea
materialized in 2011 in the form of geological
penetrator CHOMIK (Fig. 1b), a device developed for
the Russian Fobos-Grunt mission as a part of its sample
taking system [2].
The experience the

in constructing and testing



abovementioned penetrators steered the CBK PAN
Space Mechatronics and Robotics Laboratory to the
idea of improving the driving energy and make those
tools even more applicable. The limitation of the
penetrators is driven by a limit of the energy they have.
For MUPUS it was about 4J (0.8J per stroke) and for
CHOMIK it was about 6.2J (1.1J per stroke). When
taking into account the mass of the penetrator, we get a
ratio of 1.67 J/kg for MUPUS and 1.9J/kg for
CHOMIK. In this paper we present the next generation
of electromagnet hammering penetrator that is even
more energetic3.7 J) and with better performance (at
least 18% of efficiency and 2.5J/kg) than any previous
one, resulting in intrinsic broadening of its application
and reliability.

2. TECHNICAL FEATURES OF THE NEW
PENETRATOR HEEP

The High Energy and Efficiency HEEP (Fig. 2) that we
developed between 2012 and 2013 possesses a spectru
of innovations implemented that are dedicated to the
increase of efficiency and energy. They are discussed
below.

Figure 2. Penetrator HEEP with crossed-profile tip.

2.1.Shape of the electromagnet

High Energy and Efficiency Penetrator HEEP has the
same principle of operation as the original MUPUS or
CHOMIK. The core of the drive unit is an

electromagnet, which has a cylindrical shape with a
movable inner core. Between the movable core (the

the penetrator. The detailed cross-section is shown in
Fig.
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Figure 3. The cross-section of EM drive with hammer.
Indicated are the conical shaped magnetic gap and the
location of frictionless hammer suspension (red lines).

Until now, the complementary shapes of the hammer
and the electromagnet core had walls perpendicular to
the axis of the movement of the hammer. In penetrator
HEEP a new solution was used, in which the walls are
inclined at an angle of 30° resulting in the conical shape
gap formation, so that the magnetic gap is reduced by
half compared to the paths of the hammer (see Fig. 3).
This allows maintaining the same hammer
displacement, significantly increasing the force
generated by the electromagnet (magnetic force is
inversely proportional to the second power of the
magnetic gap). The smaller the angle, the better. In
HEEP the resulting angle was dictated by technology
reasons. At larger angles the edges of movable core
would be too thin and fragile.

2.2.Eddy currents reduction

One of the most principal reasons for decreasing
electromagnet efficiency is the creation of eddy currents
within its core. At the same time, calculations and

prediction of these currents in such strongly non-linear
and dynamical system as HEEP is non-trivial. The

natural way of limiting these currents is to increase the
electrical resistance of the medium or even interrupt the
electric circuit. In the presented design of HEEP, we
introduced special incisions in each of the iron cores of
the electromagnet. Its goal is to extend the length of the
electric circuit and, as a result, limit the generation of

eddy currents. The example of topography of such

hammer) and the core of the counter-mass, there are twoincisions is shown in Fig. 4.

magnetic gaps. A cylindrical one (with thickness of 0.25

mm) has a constant volume regardless of the position of
the hammer. This gap provides a separation of the
hammer from the counter-mass and, as a result, allows
for a free movement of one mass in relation to the other.

The second gap has conical shape and changes its

volume during hammer movement. Changing the gap
width changes the reluctance of the magnetic circuit and
allows the processing of magnetic energy into
mechanical one. The conical shape of the working gap,
known from the design of industrial electromagnets,
enables the formation of mechanical characteristics of

Figure 4. One of iron core parts of HEEP with
indicated incisions.

Such solution makes the parts fragile, so the incisions



were filled with epoxy resin. In contrast to that solution, “~

MUPUS and CHOMIK penetrators had only one
incision in the core of the hammer. Even though the
eddy currents could not be measured, the tests described
later reveal the overall improvement of the system
performance (see Tab. 2).

2.3. Frictionless suspension of all components of the
penetrator

In MUPUS device the penetrating rod was guided
against the counter-mass by a combination of membrane
spring and rollers. Still, the hammer was suspended on
the three helical tension springs and guided in a slide
bearing (Vespel SP1 against titanium alloy enhanced Figure 5. a) Subassembly of electromagnet drive with
with TiN). This solution is reliable, but requires special  Visible tip of the hammer and return membrane spring,
attention in terms of proper backlash due to the b) outer spring suspension guidance.
differences in shrinkage of the paired materials at low
temperatures. At that time, implementation of
frictionless spring suspension of the hammer was not Another remarkable feature of the HEEP penetrator is
possible due to lack of space for proper lock and release its high capacitance of the capacitor which stores the
mechanism for the hammer. The membrane suspensionenergy of the system. We prototyped a next generation
could not withstand vibration tests, particularly the of foil capacitors (space qualified for MUPUS and
vibrations radial to the axis of movement of the CHOMIK), with capacitance of 12@F and that can be
hammer. charged up to 600V. Location of the capacitor in
This is not the case for HEEP, where space with reference to the HEEP mechanical arrangement is
dimensions @26x80mm is allocated for possible shown in Fig. 6. The interior space is allocated for the
placement of hammer’s lock and release mechanism. mentioned previously L&R mechanism. Such capacitor
The ability to lock the hammer allowed for allows for storing up to 5.6 times more energy in
implementing a solution of a completely frictionless comparison to MUPUS one (2F).

suspension of the hammer. As shown in Fig. 3, the
suspension is located on the two ends of the hammer —

and allows for its 8mm travel (spring deviates +/-4mm - S OO RRER
from the nominal position). Springs have the form of = E=—rmp =@ ..
flat membranes made of steel 17-7PH (very good -
relaxation properties) having a thickness of 0.15 mm.
After each stroke, the hammer returns to the initial
position by the return spring similar in shape to those on
which the hammer is suspended (see Fig. 5a). The
reaction force of this membrane suspension is minimal
in axial direction (less than 3N) and considerably (two

2.4.Capacitance of the capacitor

r ELECTRONICS 7~ SPACE ALLOCATED
[ /' FOR L&R MECHANISM

orders of magnitude) higher in radial direction. The Figure 6. Cross-section of HEEP with indicated
force in axial direction not only can be neglected, when  position and dimensions of capacitor, the interior is
compared to the force generated in the electromagnet allocated for hammer's L&R mechanism.

and the stroke of the hammer, but also it has bistable
stiffness characteristics.

There is also another system of springs dedicated for The increase of the capacitance and, as a result, the
compensation of kinetic energy of the counter-mass, by HEEP energy, allowed for controlling the energy on up
which it is coupled with the penetrating rod of the to eight levels, called power settings (PS). The
device (Fig. 5b). It possesses a similar arrangement as inpenetrator, after charging the capacitor to the relevant
the case CHOMIK penetrator [2]. In this case, the level of energy, releases it promptly by discharging it
design inconvenience of selection and optimization of through the electromagnet. The higher power settings
these springs rely on relatively large displacement of the require longer charging. For this reason, working
moving components which was about 48 mm. At the frequency of hammering action is the lower, the higher
same time, this distance is small enough, so that the stroke energy we accumulate and release. This has a
total reaction force of the spring suspension system very practical impact on freedom of choice of the HEEP
must be relatively large to compensate the counter-mass performance. In Tab. 1 listed are the available power
energy — in this case approximately 12N. settings and corresponding work frequencies and

2.5.Increased number of power settings



energies The possible implication of is feature is
described in section devoted to tests of Hi

Table 1.Tme and energy characteristicsPS.

PS Voltage | Energy Stroke Stroke freq.
[V] [J] period [s] [HZz]
1 76.4 036 0.19 5.26
2 110 075 0.357 2.80
3 173 185 0.7 1.43
4 221 301 1.12 0.89
5 415 1062 3.26 0.31
6 464 1327 4 0.25
7 530 1732 5.38 0.19
8 583 2095 6.32 0.16

2.6.Penetrating rod

A desig of the rod, especially of its tidetermines to a
large extent efficiency of the driving process. In
HEEP there are two interchangeable, complemel
rods proposed. The first one, of a round profile
modeled on the MUPUS penetrator developer the
Rosetta missio. Its mult-element tip (Fig. 7a) has
excellent anchoring properties due to the use
specially profiled spring spikes. They are desirabl
one of the driving phases, namely when the har-
driven penetrator moves backward, sligtpulling out
the rod from the ground at the same time. The desc
rod is predestined to be driven into bulk materials (s
as well as tougher porous materials (of a breeze |
structure).

The second rod (Fig.b), made of a heat-hardened
titanium, is a crosx-profile monolith with a sharp
tapered tip. It is characterized by high rigidity ¢
strength. Deprived of anchoring properties, it car

used for crushing solid rocl
a) %g b) {}

Ero-

Figure 7. HEEP tips: a multi-element with spring spike
profile indicated, b) monolithic croed-profile with its
crosssection indicatet

The essential parameter regarding the penetr
performance is the ratio the cross-section area to the
penetrating energy. The cred-profile tip area is
0.35cnd, which is 4.5times less in comparison to the
multi-element rod. Consequently section modulus is
13.2mnf which is 4.7less in comparison to the multi-
element one.At the expense of stiffness (that
compensated by selecn of proper material — titanium),
we get significantly betterperformance of penetrator
with crossedprofile tip, for which estimated ratio
energy to the rod areaat least 10.6 J/cinThis is over
10 times highein comparisono MUPUS.

2.7.0ther technical details

Such good performance derived HEEP penetrator in
comparison to MUPUS and CHOMIK, es not mean
that they perform worseContrarily, their performanc
was the best taking into account their mlimit, which
was dictated by the requiremelof the missions: 0.48
kg for MUPUS and 0.58 & for CHOMIK. The HEEP
penetrator as a prototype h#se massof less than
1.5kg, its power consumption is about 4W (both
and power can be reduced to 1.2kg ar-2W if
necessary), the energy than can bred in the system
can be operated from 0,36J to 2J. The energy of
hammer strokes is respectively smaller and depen
the efficiency of the system (describedpoint 3). The
envelope of theinstrument (only its drive system)
@84x190mm, not includig the penetrating rod that
changeable depending on the purpose of penetratio
gives an additional length (predicted -1.5m).

The other parametens comparison to the MUPUS al
CHOMIK devices are given ifiab. 2

Table 2. Basic characteristicf HEEP penetrator il
comparison taMUPUS and CHOMIK devics.

MUPUS CHOMIK HEEP
Strok([ejienergy 0.8 11 >3.7
Mass [kg] 0.48 0.5¢ 15
Stroke energy
/ mass [J/kg] 1.67 1.9 25
Envelope[mm] | @ 70x120 @70x11( @ 84x180
Volume [dm?| 0.46 0.4: 1
Stroke energy
/ volume 1.74 2.62 >3.7
[3/dm?
Tip cross- 0.58 e:ll-ea(enr:'; Irt(i)-d)
section area 0.79 (sampling
2 container 0.35(crossed-
[Cm ] profile rod)
Stroke energy Zein? e(rr::t:gld)
/ tip area 1.01 1.9 106
3/ sz] >10. l(crossed-
[ profile rod)
Power
consumption 15 1.7 4
(W]
No. of PS 4 2 8
Coil cross- c
section [crr] 0.85 0.8t 2.55
Massratio | 55.1:13) 38:1:1 | 1.2:1:113
(rod:hammer:c-m)

3. ELECTROMAGNET ADJUSTMENT

Besides mechanical design of the de, a separate
matter is electromagnet optimisation, particuli

determination of aumber of coil turns and diameter

the coil wire diameter, which in case of HEEP was d

in the first instance empirically. The optimized fac

was theoverall energy of the systt.



3.1.Coil adjustment This would suggest that the efficiency of the HEEP
penetrator was not improved. In fact, it is not the case if
we consider adjustment of the capacitor energy in

reference to the selected coil, as further described.

Different coils were investigated to find the optimal
one. A test bed was developed to verify the energy of
the stroke of the hammer (Fig. 8a).

On the test-bed we measured velocity of the hammer Table 3. Measured parameters of HEEP energy.
using high speed camera. The other way to measure the Wire dia. 04 045 06 07 08
energy is measurement of the displacement of the roq _[mm] ' ' ' ' '
that was hit by har_nmer and blocked in the brake with| Coilres. | 4, 125 4.6 25 13
the constant clamping force (around 500N). The result (2]

are presented in Tab. 3. For this coils also discharging Coil 1100 924 586 462 350
characteristics and maximum currents were observed|—Ums

During the test the counter-mass was blocked, what MaxA 15.3 19.2 37.6 51.9 64.8
resulted in the fact that 100% of the EM energy was Zurrr: [r]

transferred to the hit of the hammer. In the real system tuﬁ:z' 16830 | 17741 22034 23978 22640
the energy is divided in ratio 11.5 : 1 between the [ Hammer

hammer and counter-mass (consequence of ratio of yel ms) | 438 | 68 | 773 278 | NM
these mass components). Rod

The best way to measure the energy of the hammer i$ displ. NM 2.22 2.53 3.49 2.73
direct observation of its velocity and determination of [mm]

its kinetic energy at the end of its movement (just before NM -not measured
the hit of the rod). Since this event lasts only few 33 piferent capacity verification

milliseconds (<3ms), the achieved accuracy of the _ )
measurement was at the range of +/- 2fvs. Up to this moment, we considered that the stroke energy

Nevertheless, it is correlated with the measurement of IS optimized for the highest possible energy of stroke.

the displacement of the braked rod or measured ampere-Worth mentioning is that in case of optimizing the
turns of the system and also with the simulations efficiency of the system, we would also have to consider

performed later on. verification of other capacitance of capacitor — which

_ - contributes to the reference to the calculation of the
. = e |
SO W

efficiency of the system.

We measured the displacement of rod in the brake test-
bed for the selected coil and three various capacitors.
Results are presented in Tab. 4.

Table 4. Verification of stroke force for different

\ capacitance of capacitor (for PS8).
R ‘ Capﬁ‘lﬂgance 123.0 95.4 61.5
e
Figure 8. a) The brake test-bed, b)a sequence from higf_Energy [J] | 20.9 (100%)| 16.2 (78%) 10.5 (50%)
speed camera measuring velocity of the hammer. On Avg. rod
each picture: on the left-tip of the hammer with displ. in 349 (100%) | 3,07 (88%) 2,32 (674
. . brake [mm]
membrane suspension, on the right — the rod. -
Relative
From our experience, we can tell that the number of| performance 100% 113% 134%
ampere-turns is the best factor, in terms of simplicity |_comparison

and accuracy of measurement, describing

the As we see, performance of the system (and also its
performance of the elect.romagnet._ efficiency) is a very relative and non-linear parameter.
For the selected coil, the high speed camera gach coil can have its best energy fitted to achieve its
measurement was not available; the estimated velocity pegt herformance. Lower capacitor energy of the system
is calculated indirectly from the velocity of the rod of joeg not equally decrease the relative performance of
the finally assembled HEEP penetrator. The achieved o gystem and as a result its overall efficiency will be
efficiency, defined as a ratio of released mechanical 1, higher than achieved 18% for HEEP. On the other
energy to the accumulated electrical energy, is at least hand, even though it would have better efficiency, it

18%. The original MUPUS penetrator had (simulated, \y,,iq not have better overall performance (because of
not measured) efficiency of 25%. However, taking into |,wer energy).

account that measured velocity of MUPUS rod was
0,4m/s and estlm_ated coefficient of restitution is 0.8,the 53 Electromagnets simulations
energy released in the electromagnet in fact could not be

greater than 0.8J, which gives around 19% of efficiency. The key factor which determines performance and
efficiency of the penetrator drive system is the selection



of an optimal electromagnetic system configurat
The assumption made in " project regarding this issue
was that designs parameters will be initially deterid
basing on the experience gained during the MUI
project. The next step was to perfoa set of tests with
different configuration of the coil (humber of turns ¢
wire diameter).

The proposed approach did not include the nume
analysis. The reasdor this decision was a fact that the
numerical model of HEEP drive system is a v
complex and complicateissue. The transient analysis
should include and combine th different physical
phenomenaelectricity, magnetism and dynamics. Only
this approach(coupling different types of models in
single analysis) allowfor a complex study of the whole
HEEP drive gstem, including dynamic interactis
between physical phemena

In spite of itall, later in the project the numerical mo
of the HEEP drive systerwas developed. The model
was created using Ansys Emag software (in AP
The comparison of results from the numerical ana
and the values obtained during s of real model are
shown in Tab. 5.

Table 5. Comparison of measured EM parameter
simulated one

Test| FEA | Test| FEA | Test| FEA
Wire
diameter 0.45 0.6 0.7
[mm]
Coil 924 586 462
Turns
Stroke
velocity | 6.85 6.€ 7.73 7.5 78| 7.4
[m/s]
Current _
Max [A] 19.2| 24.7 | 37.6| 51.7 51.9] 72.4
Current
max rise 3.4 2.€ 2.2 2.2 1.6 1.7
time [ms]

Results convergences are qusatisfactory; however,
the model still requires developme. In the future
projects, FEM analysis and experience in mode

such a compbe problems gained during this project v

be included in earlier stage of works. The use

numerical simulation will allow not only the cc

determination, but alsthe optimization of geometrical
parameters of thehole electromagnetic drive syste

4. FUNCTIONAL TESTS

The peliminary tests were conducted CBK PAN to
confirm the functionality and performance of the
integratedHEEP penetratorThe tests were performed
in loose materials (sand arlunar regolith analogue),
porous materials e(g., Foamglass) and also rocky
materialg(e.g. sandstone or gran.

4.1. Tests with loose materials

The rod with multielements tip was used in the t
The penetratowas delving into two types of materia
loose quartz sand ar@BK PAN and AGH-UST lunar
regolith analogue AGK-201@patent applicatior[4]).
The test was conducted ia box of dimensions
480x540x890 mm.

At the beginning of the testthe penetrator was
manually immersed to aegdth of 227mm (Fig9a).
Next, the penetratobegan the performance withe
highest energy (PS8)VEry five strokesthe penetration
was measuredntil the rod was completeimmersed in
the material (Fig. 9b).

a) :
Figure 9. a) Initial position ofhe HEEP penetrator in
quartz sand test, b) after penetrati

This test demonstrated that HEEP is capable
penetrating soil materials up to the depth of almost
In Fig. 10we see the progress of the penetrator in |
sand and regolith analogue. The difference in
achieved depth of the penetrator tip res from the
limited height of the tedbed (890mm) ancvarious
levels of soil in the tedted. The time scale for
strokes is less thanrBinutes. The progress in regolitt
slower due to its preliminary compaction (achie
density of regolith 1630 kg/fp The walls of the test
bed (especially ats bottom), that were relatively ne
the penetrating rod, could influence the measureme
slowing down the progress tife penetrator. In fact, the
worse case was verified in this t

= 1000 A

£ 800

c
%_ -% 600 f .
O =
08 400 7‘—]

Q 200 =@—oose Sand

ks AGK-2010

0
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Number of stroke

Figure 10. Dependence beten numbers of strokes a
depth progress in various materi.



4.2. Tests with porous materials

In another test the penetrator was delving into a four
types of porous materials, which basic properties are
listed in Tab. 6. These materials are believed to be
similar to those that compose comets or asteroids.

—

—
=
=

=
=
=

Table 6. Mechanical properties of the used porous

materials.
Compres Crush-
Material Density | Porosity strength ng . " ; . it N
[ka/m3] [%0] strength : e - s
[MPa] [MPa] Figure 11. a) Moment of breaking @30x57mm block of
Foamglass YTONG captured on a high speed camera, b) breaking
T4 120 95 0.7 0.85 the granite (on the right side ejected granite over 1cm-
Foargglass 165 93 12 17 size element is visible).The scale on the left is in [mm].
4.3. Test of power settings
SRCfoam| — 5g5 87 155 5 , , _
block The penetrator has eight power settings, which
YTONG | 551-650 60-85 5 TBC

correspond with energy of penetration. The material
) ) ) Foamglass T4 was used for testing the functionality of
Both types of tip: multi-element _an_d crossed-profile  ihese PSs. As previously, several strokes were
were used in the test. At the_ beginning of 'Fhe test, the performed using each PS and then average progress per
penetrator was put in a special sleeve, which kept the gyoke per PS was calculated. Results are given in

vertical position of penetration. It also provided the Tap 9. For this test, the crossed-profile tip was used.
initial clamping force for the penetrator that is necessary

to initiate the hammering action into the medium. This Table 9. Progress per stroke in the Foamglass T4
is the force that would be transferred to the lander___Mmaterial with crossed-profile rod for different PS.
through the deployment device (e.g., manipulator as itl__PS 1] 2] 3 4 5 6 7 8
was the case in Fobos-Grunt mission). Several stroke$ AvQ.
were performed in each of the material, and then thgl P9 [ 951 19| 81| 13.0 17.8 27)8 3714 495
average progress per stroke was calculated. Istroke
This test proved HEEP ability of penetration in various [mm]

porous materials. Results with multi-elements tip . . - .
collected in Tab. 7 and with crossed-profile tip are In Fig. 12 the energetic efficiency normalized to the PS8

. is given. This is average progress for respective PS per

presented in Tab. 8. energy of that PS in reference to the PS8. In other words

Table. 7. Progress per stroke in the porous materials it shows hOW effective in penetration is the adequate
using multi-element harpoon profile rod. power setting.

>
Material Foamglass T4 | Foamglass F 2 ? 31 556
Avg. progress / 17.7 21 25 26 2.24
stroke [mm] ) ) E5 2
(]
O N
Table 8. Progress per stroke in the porous materials ‘é’, g 11
using monolith crossed-profile rod. o é 0
Material Avg. progress/stroke [mm] w 1 2 3 4 5 6 7 8
Foamglass T4 40.45 PS
Foamglass F 20.22 . . . . .
SRC foam block (white) 819 Figure 12. Energetic efficiency for power settings in
YTONG 1.20 reference to PS8 (penetrating in Foamglass T4).

) ~ The most interesting fact derived from this figure is that
We can derive from the tables that HEEP can easily it js not necessarily justified to use the highest power
penetrate materials which porosity is higher than 85%. setting in all cases. It depends on the material

For YTONG material, the progress radically diminishes propertiesl but in this particu|ar examp|e’ we can see

and the penetrator rather should be used to break suchthat it is possible to penetrate using lower power setting

materials than penetrates them, which in fact comes gng consuming over two times less energy (for PS 2

easily — Fig. 11a. or 3), than for instance for PS 8, which surprisingly is
not the most effective one in that case.



4.4, Tests with solid materials

In the last test the HEEP penetrator ability of breaking

rocks was verified. Basic mechanical properties of the
used materials are given in Tab. 10. The crossed-profile
tip was located at a 5-15mm distance from the edge of
the rocks. The HEEP was hammering until it split piece

of rock. Usually it took several strokes to break the

piece of rock. The broken pieces were in various sizes
from a few millimetres to less than 20mm.

Table 10. Mechanical properties of the used solid

materials.
. Density Compressive
Material [kg/m3] strength [MPa]
Sandston(_e Szydl_0W|eck| 2675 34-56
Tulinowski
Pavement brick 2450 35-50
Granite 2650-2750 160-190

performed almost 4000 strokes as an integrated device
without any malfunction. The application of the HEEP
penetrator may be far more reaching than just
penetrating, including other tasks imposed during
exploration missions of celestial bodies. For these
extreme and hostile environments that can be faced
during these missions, only limited instruments can be
used and these particularly are penetrators.

5.1.Possible application

The foreseen applications of the HEEP type penetrator,

equipped with different rods, are in planetary
exploration, where it can be used for:
= Carrying varied sensors (e.g.,, thermal,

accelerometers) placed in the hollow rod underneath the
regolith (up to 1.5m).

= Remarkable application is also the determination of
mechanical properties (shear, crushing strength) of the

The penetrator easily breaks both types of sandstone andregolith. This can be achieved by measurement of the

the pavement brick. In the case of the granite, it
managed to split a piece of rock from 5mm distance of
the edge (Fig. 11b). However in 15 mm distance to the
edge, the HEEP could not break the rock, which turned

insertion depth progress per stroke.
= Subsurface ground sampling,
harder matter may be expected.

= Disintegration of the solid ground in order to make it

particularly when

out to be too hard. The generated stroke was strong possible for other sampling devices not able to manage
enough to generate visible sparks (which have at least with a solid and hard ground to grab.

hundreds of °C) and to weaken the hardened tip of the
rod causing its damage, see Fig. 13.
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a)
i Figure 13. a) Creation of sparks captured on a high

speed camera (the visible bright ejection), b) damaged
tip of the crossed-profile rod.

Nevertheless it was proven that HEEP penetrator is
capable of breaking even solid rocks, which mechanical
properties are similar to some of those that might be
expected on extraterrestrial bodies. Materials with

compressive strength of 50MPa are easily disassembled;
whereas, materials that are hard and strong as granite

become a limit for HEEP and, thus, selection of
hammering location have to be done carefully.

5. CONCLUSIONS

Most, if not all, of the design assumptions predicted for
the penetrator were met. As it was shown in this paper,
the HEEP penetrator is a powerful and reliable
instrument. Since the beginning of its operation, HEEP

= Anchoring of landers in microgravity conditions.

= Anchoring as a better coupling with the ground, e.g.,
to improve receiving of the seismic waves signals.

= May act as a special actuator for generating very
high pulse force (1000-2500N).
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