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Abstract

Penetrators, which emplace scientific instrumentation by high-speed impact into a planetary surface, have been advocated as an alter-
native to soft-landers for some four decades. However, such vehicles have yet to fly successfully. This paper reviews in detail, the origins
of penetrators in the military arena, and the various planetary penetrator mission concepts that have been proposed, built and flown.
From the very limited data available, penetrator developments alone (without delivery to the planet) have required �$30M: extensive
analytical instrumentation may easily double this. Because the success of emplacement and operation depends inevitably on uncontrol-
lable aspects of the target environment, unattractive failure probabilities for individual vehicles must be tolerated that are higher than the
typical ‘3-sigma’ (99.5%) values typical for spacecraft. The two pathways to programmatic success, neither of which are likely in an aus-
tere financial environment, are a lucky flight as a ‘piggyback’ mission or technology demonstration, or with a substantial and unprec-
edented investment to launch a scientific (e.g. seismic) network mission with a large number of vehicles such that a number of terrain-
induced failures can be tolerated.
� 2011 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Penetrators have been proposed as planetary explora-
tion vehicles for four decades, but have yet to fly success-
fully. Penetrators are self-contained vehicles designed to
function after traversing some distance in a solid target
using the kinetic energy of their arrival. This definition
(where ‘some distance’ is understood to imply a length
scale comparable with or greater than the vehicle length)
excludes self-hammering drills such as the ‘mole’ carried
on Beagle 2, and instruments (‘penetrometers’) to measure
surface mechanical properties which are part of a larger
vehicle, such as those on Venera landers or the Huygens
probe (e.g. Lorenz et al., 1994). All of these systems are dis-
cussed in two proceedings volumes (Kömle et al., 2001;
Kargl et al., 2009) following workshops in Graz, Austria
in 1999 and 2006, and although the terms ‘penetrometer’
(an instrument) and ‘penetrator’ (a vehicle) are often

sloppily interchanged, we would urge rigor in maintaining
the distinction. The definition, by requiring a function
post-impact, also excludes inert impactors such as cannon
shot, upper stages used to impact the moon, or the comet
impactor on the Deep Impact mission, whose only function
is to deposit kinetic energy in a target with no post-impact
operation.

Although penetrator advocates often cite extensive mil-
itary experience with such systems, the history of military
developments and its relationship to the planetary program
has not been laid out in the literature previously. Therefore
this paper discusses the military developments that led to
the advocacy of penetrators as planetary exploration
vehicles.

The paper then discusses in detail the various planetary
penetrator mission concepts (e.g. Fig. 1) that have been
proposed, and the smaller number that have been devel-
oped and/or flown: the timeline of developments is shown
in Fig. 2. Finally, the relationship of the probability of fail-
ure of an individual vehicle’s emplacement and the real or
perceived likelihood of programmatic success of the
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mission overall is discussed, and the (narrowing) scientific
niche for penetrators is noted. A detailed discussion of

the scientific capabilities of instrumentation on penetrators
will be the subject of a separate paper.

Fig. 2. A schematic of the development history of various penetrator projects. ‘S’ denotes study, while ‘D’ represents more substantial development,
including penetration tests, hardware construction and flight.

Fig. 1. A selection of penetrator vehicles shown to the same scale. (A) An ACUSID air-dropped acoustic monitor used in the Vietnam conflict, (B) the
original Comet Rendezvous Asteroid Flyby (CRAF) penetrator – note the wide flare, (C) the Mars-96 penetrator (D), NASA proposed 1970’s Mars
penetrator, (E) Lunar-A penetrator, and (F) DS-2. Note the remarkably small size of DS-2 compared with the other vehicles.
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2. Terrestrial penetrators

The origination of penetrators as planetary exploration
vehicles is inevitably connected with certain military devel-
opments, which we will review here to set the planetary
applications in context. There are also a few examples of
civilian or dual-use instrumentation deployed in this
manner.

2.1. Early penetration mechanics

Probably the first quantitative assessment of projectile
penetration into the ground was by Benjamin Robins,
Engineer-General to the East India Company, notably in
his treatise ‘New Principles of Gunnery’ (Robins, 1742),
which applies Newton’s (1687) analytic methods to artil-
lery. Robins developed a number of remarkable innova-
tions in instrumentation, notably he devised the ballistic
pendulum to measure the launch velocity of projectiles,
as well as a whirling-arm apparatus to measure aerody-
namic drag. Even viewed purely as an aerodynamicist, his
careful investigations were far ahead of his time. He first
recognized the utility of streamlined projectiles and by
careful experimental gunnery (using specially-prepared pre-
cision cannonballs, and accurately-measured powder
charges) he was able to detect the effect of spin on projec-
tiles, namely the Robins–Magnus effect, often rather
unfairly referred to only by the latter, whose experiments
took place some 150 years later (e.g. Lorenz, 2006). He
confirmed the dependence of drag on the square of velocity
and even detected the increase the transonic rise in drag
coefficient (the ‘sound barrier’).

From his experiments, in particular with the ballistic
pendulum, Robins’ determined that the penetration of shot
into typical solid materials varies as the square of velocity.
This essentially means the kinetic energy of delivery is dis-
sipated by work against a constant strength target (kinetic
energy per unit area has the same dimensions as strength
times penetration distance – equivalently the kinetic energy
per unit volume of ‘tunnel’ swept by the projectile is a mea-
sure of target strength.)

2.2. World War 2 ‘earthquake bombs’

Despite these rigorous beginnings (Robins work became
a standard reference, translated into German by Euler)
gunnery and penetration mechanics remained a largely
empirical business for nearly two centuries (and indeed,
to some extent remains so, as evidenced by widely-used
equations by Wayne Young of Sandia (Young, 1997)), in
part due to the transition from the use of solid shot (where
penetration more or less is the desired effect) to explosive
projectiles, where penetration is generally less important.

That said, in World War II aerial bombing reached a
level of fidelity where empirically-designed bombs were
tailored to specific targets: notably, for heavy concrete or
for the steel decks of battleships, armor-piercing bombs

(‘Panzersprengbombe’, Fleischer, 2003) with more care-
fully engineered casings (more slender-nosed, harder steel,
and a larger casing-to-explosive ratio) were used by the
Luftwaffe. A radio-controlled armor-piercing bomb (the
PC-1400, or Fritz-X, e.g. Wolf, 1988 or the recent detailed
account by Bollinger (2010)) was also fielded. Since pene-
trating weapons typically must be close to their targets,
the introduction of guidance is a key development and this
and similar radio-controlled weapons subsequently devel-
oped in the USA Azon and Razon (e.g. Schmitt, 2002)
set the stage for future precision-guided weapons, to which
we will momentarily return.

Of particular interest in connection with planetary pen-
etrators (and better documented in the English-language
literature), however, are the large unguided weapons that
were developed in Britain to address a class of military
and industrial targets such as large earthen dams1 such as
the Sorpe dam which could not be practicably breached
by conventional bombing. The British engineer Barnes
Wallis proposed (e.g. Murray, 2009) that a large penetrat-
ing bomb could efficiently couple its explosive energy to the
dam by seismic means (hence ‘earthquake bomb’). In fact
the mechanism is largely one of explosively creating an
underground cavity (‘camouflet’) into which the target
structure subsequently collapses.

This mission required not only a weapon with a large
explosive warhead, but also a hardened nose such that
the weapon could burrow to depth. In addition to the
structural strength required, the explosive filling had to tol-
erate the impact loads without detonating prematurely.
Furthermore, the fuzing systems had to function after
impact – often three separate fuzes were installed in order
to ensure that at least one would work (although even then,
at least one bomb failed to explode – one Tallboy bomb
was found in the mud at the Sorpe dam when the reservoir
was drained in 1958).

Compared to other bombs, these weapons (first the Tall-
boy 5443 kg, then the Grand Slam, 10,160 kg – even larger
US weapons such as the T-12 were developed later, see
Fig. 3) were fairly slender and streamlined – the Tallboy
was 6.4 m long. This assured both effective penetration of
the target (for a constant target strength and impact
energy, following the considerations in Section 2.1, the
penetration distance will be maximized by reducing the
projectile cross-sectional area) but also maximized the
impact velocity.

In order to reach a high enough impact speed, these
weapons had to be dropped from high altitude, 6000 m
or more. As well as challenging the lift capability of the
largest aircraft available (the Lancaster) this demanded
sophisticated bomb-aiming, using electromechanical com-
puters to correct for speed variation with altitude, wind
drift, etc. Trials noted that good penetration performance

1 These larger dams were not vulnerable to the bouncing bombs used
against the smaller concrete dams for which Barnes Wallis is more widely
known).
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required that the bomb be closely aligned with its velocity
vector at impact – a slight angle of attack would cause the
bomb to veer in its subsurface trajectory. Such deviations
not only reduced depth performance, but were also more
likely to lead to structural failure of the vehicle due to
the side-loads (see also Section 3.8).

Achieving an adequate attitude for penetration was dif-
ficult, as drop tests showed that the bomb tended to expe-
rience pitch oscillations in flight, which also degraded the
impact speed. Performance was enhanced considerably by
canting the tail fins by 5� to cause a stabilizing spin during
flight – at impact the spin reached 300 rpm, and impact
speed reached the speed of sound (�335 m/s).

We see that these weapons anticipate several aspects
confronted by planetary penetrators, namely the challenge
in setting up the vehicle’s velocity and attitude state at
impact and in surviving impact, as well as the improved
seismic coupling afforded by this type of vehicle compared
with simple surface delivery.

More significantly than the dams for which they were
originally conceived, these penetrating weapons were used
successfully against a number of different hardened targets.
Some notable examples include the armored deck of the
Tirpitz battleship, the U-boat facility at Farge (covered
with 8m of concrete), the massive concrete dome of the
V-2 rocket complex (‘La Coupole’) at Wizernes, the rail-
way tunnels at Saumur, railway bridges and the never-used
multibarrel V-3 ‘Supergun’ installation at Mimoyecques.
The success of the weapons led to their emulation in the
USA, with the 10,000 kg Amazon penetrating bomb, and
the guided Tarzon bomb, and anticipates the attack of

hardened targets by penetrating weapons in the Gulf War
nearly 50 years later.

2.3. Modern earth-penetrating weapons (‘Bunker Busters’)

The post-WWII era has seen a vigorous application of
scientific principles to the performance of military systems,
and thus penetrating weapons for specific missions have
reached a high degree of development, supported by
sophisticated computational methods (finite-element mod-
els and hydrocodes), together with airgun and rocket-sled
testing. The focused nature of such weapons requires a
delivery that is high speed and accurate. Two classes of
weapon are of note.

First is the somewhat exotic runway-cratering munition
exemplified by the French Durandal,2 an early version of
which was used by Israel in the Six Day War (although
in fact a number of rocket-assisted bombs were developed
in Germany in WWII). An effective way to limit the effec-
tiveness of an enemy air force is to disable the runways
from which it might take off. Runways are somewhat slen-
der targets and thus unguided weapons must be dropped
from low altitude in order to have a good probability of
hitting the tarmac (as also the case for railways – see Sec-
tion 2.4). However, general-purpose bombs, especially if
dropped from low altitude, tend to produce only shallow
craters that are easily repaired. The Durandal weapon is
a small, slender bomb that is first decelerated by a para-
chute – this allows a delivery from aircraft at high speed
and low altitude, reducing the aircraft’s vulnerability and
minimizing the dispersion of impact points due to wind
drift etc. The parachute deceleration effects a gravity turn,
allowing the weapon to hang more vertically over the tar-
get. At this point, the parachute is released and a rocket
motor is ignited, which accelerates the hard-nosed projec-
tile into the tarmac. After penetrating some 40 cm into con-
crete, the warhead is detonated, forming a 5 m deep and
16 m wide crater

The other way of achieving an accurate high speed deliv-
ery is by high altitude drop, but with active guidance to
ensure a small miss distance. A tactical need for deep pene-
trating weapons emerged during the First Gulf War in
1990, when it was recognized that key Iraqi facilities (chem-
ical weapons sites, command and control bunkers, etc.)
were protected from air attack by thick concrete shelters
and/or burial under sand.

By this time, guidance systems for air-dropped muni-
tions had become readily available, and indeed laser-guid-
ance kits (whose development in fact began in the 1960s –
e.g. Gillespie, 2006) could be retrofitted in a modular way
onto existing ‘dumb’ bombs, it was relatively straightfor-
ward to implement an earth-penetrating weapon. Indeed,

Fig. 3. A T-12 ‘Cloudmaker’ bomb – a larger version of the WWII
Tallboy and Grand Slam weapons, designed to penetrate into the earth
and damage a target seismically. Note the canted tail fins to effect spin for
stabilization.

2 Durandal, poetically, was the sword of the Frankish warrior Roland,
Charlemagne’s chief paladin in the fight against the Saracens in the 8th
century . Roland was also the name for a comet lander to be deployed by
the Rosetta mission: the lander was subsequently renamed Philae.
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the GBU-28 air-dropped precision penetrating munition
(Fig. 4) was developed in haste (�2 weeks) during the Gulf
War to attack buried command and control facilities. The
original bodies of this slender (35 cm diameter, 7.6 m long)
weapon were in fact machined from old 8-inch artillery gun
barrels. The weapon’s mass was 2270 kg – about half that
of the Tallboy above, but the penetration performance
(30 m of earth, or 6 m of concrete) is reported as being sim-
ilar. A variety of precision penetrating weapons has
emerged, from the very large (the 13,600 kg Massive Ord-
nance Penetrator, GBU-57A/B) to the quite small (the
250 kg Isreali MPR-500) – the latter being attractive from
the point of view of causing minimal collateral damage
by virtue of its modest warhead, yet still able to penetrate
1 m of reinforced concrete, or four concrete floors.

In an interesting parallel to the application of acceler-
ometers on planetary vehicles to measuring layering in
the subsurface, the most modern weapons of this type are
equipped with a ‘Hard Target Smart Fuze’ which use accel-
erometers to ‘count floors’ to detonate at a specified floor
or depth, whereas the fuzing on the original Tallboys sim-
ply actuated some seconds or minutes after impact.

Finally, although functionally rather similar to the con-
ventional penetrating weapons above, a separate category
of nuclear penetration weapons should be noted, if for no
other reason than they have been documented in some
detail. There was some recent controversy over proposals
during Bush administration to develop a penetrating
nuclear weapon, the RNEP (Robust Nuclear Earth Pene-
trator). As described in a National Academies report
(NRC, 2005), the US Department of Defense (DoD) esti-
mates that there are some �10,000 Hard and Deeply-Bur-
ied Targets (HDBTs) worldwide that are essentially
invulnerable to conventional attack and can only be ‘held
at risk’ by a penetrating nuclear weapon. Penetration to
�3 m enhances shock coupling strongly: penetration
>3 m decreases probability of survival of weapon to deto-
nation point. A ‘selling point’ offered in support of these
systems is that they might produce less radioactive fallout
than a more conventional nuclear weapon.

2.4. Instrumented penetrators

WWII saw development of a variety of air-droppable
systems with instrumentation more elaborate than a simple
mechanical time or impact fuze, notably mines for use at
sea. There also exists at least one land-based example.
The ‘Stabo’ (‘Stachebomben’) variant of the Luftwaffe
SC-250 bomb (Fleischer, 2003) had a spike nose and a
vibration-sensitive fuse. This weapon was intended specifi-
cally for attacking railways – the spike nose aided implan-
tation in the ground and avoided bounce from the low
altitudes from which precision drops had to occur. Use
of a delayed-action vibration-sensitive fuse increased the
probability that the explosion might damage a train as well
as the railway line itself. While not quite a penetrator for
seismic studies, the parallels are evident.

A related development in WWII that bears on instru-
mented penetrators was the origination of expendable
air-dropped packages for the remote detection of sub-
marine acoustic emissions, i.e. sonobuoys. The concept
was originated (Holler et al., 2006) by Blackett in the
UK, but along with the transfer of other technology such
as radar, was pursued industrially in the USA. The first
sonobuoy was manufactured by RCA in 1941 and the
first successful experiment was conducted in March
1942 off New London, Connecticut: the propeller sounds
of the submarine S-20 were detected at a range of three
miles by the K-5 blimp which could receive the radio sig-
nals from the (ship-deployed) buoy up to five miles away.
By July of that year the first air-dropped models were
developed and tested from B-18 bombers. Procurement
of 1000 buoys and 100 radio receivers followed by the
Bureau of Ships that October and over 150,000 had been
ordered by the end of the war. Sonobuoys continued to
play a significant role in the Cold War, and remain a
central part of the Anti-Submarine Warfare arsenal.
While the sensors and penetration mechanics differ some-
what, the functional requirements of instrumented pene-
trators and sonobuoys are clearly rather similar and
sonobuoy development likely aided the availability of
components and methods for penetrators (notably radio
telemetry).

2.5. Igloo White

The largest and best-known (e.g. Correll, 2004: see also
Rosenau, 2001) instrumented penetrator project is ‘Igloo
White’, which saw the creation of a virtual barrier across
the Ho Chi Minh trail in 1968. This �$1.5B project during
the Vietnam war air-dropped seismic, acoustic, magnetic
and chemical instrumentation (Fig. 5) around the trail in
an attempt to cue strikes to interdict supply operations.

The Infiltration Surveillance Center at Nakhon Phanom
in Thailand was the largest building in S. Asia and housed
some 400 Air Force personnel in high-security conditions.
In addition it housed two IBM 360-65 computers, at the
time the most powerful computers available.

Fig. 4. An F-15 fighter drops a GBU-28 penetrating bomb, developed
during the 1st Gulf war to attack deeply-buried targets.
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Tens of thousands of sensor units were deployed, some
with acoustic sensors and others with chemical sensors
(famously subject to spoofing) to detect sweat and urine.
Some were designed to hang in tree foliage, whereas others
were intended to implant themselves into the ground. Chief
among these was the most widely used sensor platform, the
ADSID – Air-Delivered Seismic Intrusion Detector. This
package had a mass of 20 kg and was 1.3 m long. A similar
system listened for acoustic emissions (e.g. Fig. 6). For all
these systems, battery life was several weeks, with data
being relayed to Nakhon by dedicated relay aircraft that
maintained station above the area.

The ADSIDs were typically dropped in strings of �6 in
the expectation that �3 might work and thereby assure
coverage of a target site. While the actual statistics were
better (about 80% of the systems returned data), the differ-
ence in practical expectations of success rate of these sys-
tems should be noted.

Although the target environment (jungle) is complicated
compared with many planetary surfaces, the delivery prob-
lem was somewhat straightforward in that the antenna

acted as a drag brake to stabilize and slow the vehicle. Geo-
phones could tolerate a 2000 g impact pulse (few ms long)
from air-drop deployment, yet were sensitive enough to
detect human footsteps �30 m away. It may be noted that
this project saw the relatively early introduction of on-
board data compression in a distributed sensing system
to reduce communications and processing bandwidth
requirements (e.g. the ADSID could be set not to transmit
indication of a pedestrian ‘encounter’ until 32 sequential
footsteps were detected.) This data volume consideration
is common to many planetary penetrator systems.

2.6. Tabasco

In one of the most intriguing ‘untold stories’ of the Cold
War (only the most fragmentary accounts exist in the open
literature – the project has not been unclassified, even 40
years later) is that of the Tabasco U-2 overflights of China
in the late 1960s (e.g. Pocock, 2004). The intent was to drop
a surveillance pod (with a spike and parachute) to monitor
Chinese nuclear tests in the western deserts near Lop Nor.
These pods contained sensors to measure the air pressure
pulse, seismic waves and light flash from a nuclear explo-
sion – taken together they should indicate the distance to
the detonation, the yield, and whether the explosion was
an air burst or ground burst. The pods, 3.1 m long and
130 kg in mass were designed and constructed by Sandia
National Labs, using information from the CIA on the
most likely soil types in the TaklaMakan desert.

After release, the pods were to deploy a parachute (pre-
sumably to assure vertical orientation) which was then to
be jetissonned at an altitude of �1000 ft – this would allow
free-fall to provide a desired impact velocity (presumably
needed in order to achieve adequate seismic coupling) as well
as distancing the easy-to-spot parachute from the sensor
pod. In case of discovery, they were marked with “China Sci-
ence Institute: Do not touch” in Chinese characters.

Although one pair of pods was dropped successfully,no
telemetry was ever recovered. One was battery-powered,
the other solar powered. The pods were to be interrogated
by radio, for which they had a 3.1 m telescoping antenna.
Nominally communications were to be by HF radio from
listening stations in friendly territory, but when no
response was received a risky 9-hour overflight with a U-
2 equipped with a trailing wire antenna was attempted, in
the hope that a signal too weak to detect from a distance
could be recovered.

Faced with lack of success and an increasing surface-to-
air missile threat to the U-2s, the monitoring mission was
instead executed by other means. Nonetheless, the story
serves to set the paradigm of instrumented air-dropped
penetrating vehicles in this period.

2.7. Sea ice penetrometer

In the early 1970s, perhaps motivated to broaden the
application of their penetrator technology, Sandia labs

Fig. 5. A set of instrumented penetrators from the Igloo White project of
the Vietnam era, to be dropped from aircraft to monitor the Ho Chi Minh
trail. Some are acoustic monitors, some seismic, some a combination.
Note the large antennas, shaped to resemble tree branches.

Fig. 6. Cross-section of an ACUSID (Acoustic Seismic Intrusion Detec-
tor) from the Igloo White project.
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explored the possibility of measuring the thickness of sea
ice using an air-dropped penetrator (unhappily for the dis-
tinctions advocated in the present paper, they (Young and
Keck, 1971) refer to a ‘sea ice penetrometer’ whereas we
would rather refer to it as a penetrator). Although this
application might have some geophysical relevance, mili-
tary applications are obvious (e.g. establishment of ice
thickness for safe landing of aircraft, or for surfacing of
ballistic missile submarines).

The approach was to modulate the output of an acceler-
ometer onto a radio signal in real time – knowing the
impact velocity, one can integrate the equation of motion
to determine the depth as a function of time, and the thick-
ness of the ice is determined from the depth at which the
deceleration drops to zero (this approach relies, however,
on complete perforation of the ice sheet).

An initial variant (e.g. Young, 1974) used a 42in. long
50lb vehicle with a trailing wire antenna with a small dro-
gue parachute at its end. However, this layout presented
some difficulties. A second variant used a detachable aft
body which would be left behind at the surface on impact.
The acceleration record in tests indeed appeared to be a
successful indicator of ice strength and thickness, but the
technique appears not to have been widely adopted.

2.8. Recent military systems

Technological developments which permit small systems
to perform advanced signal processing and classification
have stimulated interest (e.g. Vick et al., 2001) in Unat-
tended Ground Sensors (UGS), some of which can be
air-deployed like the Igloo White systems, although more
generally they may be manually installed for perimeter
defense or monitoring of roads. Unlike Igloo White and
Tabasco, modern systems can exploit wireless networking
(allowing one sensor to cue others, for example) and satel-
lite communications, without requiring dedicated and vul-
nerable radio relay aircraft.

A Sandia National Laboratories concept circa 2003 was
named Steel Eagle, intended for air-drop from F-15, F-16
and A-10 aircraft. This concept was extended by the Air
Force into ARGUS (Advanced Remote Ground Unat-
tended Sensor), whose minimum performance specifica-
tions require finding, fixing, and tracking targets within
500 m of the sensor and recognizing them within 200 m.
The tested prototype design weighs 38 kg. For production,
this weight was to be reduced by integrating advanced bat-
teries and miniaturized electronics into a smaller body.
Although systems similar to this are likely under develop-
ment by a number of nations at present, for obvious rea-
sons there are few details in the public domain.

2.9. Antarctic seismic penetrators

Geophysical studies of the Earth sometimes mention
‘penetrators’, referring to devices to penetrate sea floor sed-
iments to measure geothermal heat flow. However, the only

application of instrumented high-speed penetrators of
which this author is aware is the work in Japan on helicop-
ter-dropped penetrators for making explosion seismic
experiments to study the crustal and mantle structure
under East Queen Maud Land, Antarctica (e.g. Shibuya
et al., 1991) with the intent of deploying an array of some
40–50 expendable seismic stations at intervals of 5–10 km.
Inert penetrators were dropped into glazed surface snow on
the Antarctic ice sheet, determining its penetrability. An
important consideration in the interpretation of seismic
measurements is the accuracy of location knowledge of
the penetrators – differential GPS was used to record the
position of the deployment helicopter after it had des-
cended to hover over the visually-identified impact point
(Shibuya et al., 1993). GPS is useful also for assuring syn-
chronization of clocks on the deployed penetrators so that
the arrival times of seismic signals could be measured to
better than 0.1 ms (previous Antarctic seismic studies
required the laborious carriage of 4 master clocks in vehi-
cles across the snow to over 30 stations, Shibuya et al.,
1991). After these initial developments, the full-scale imple-
mentation of a penetrator-emplaced seismic survey appears
not to have been realized, however.

3. Planetary penetrator missions

In this section, I discuss the programmatic history of
various penetrator missions. Likely the earliest consider-
ations were given to penetration mechanics on the Moon
as a means of determining whether the surface would sup-
port a manned lander. However, in the end this question
was resolved by landing dynamics and soil mechanics
investigations by the Surveyor landers rather than pene-
trating vehicles. There have doubtless been many proposals
of varying levels of maturity – the discussion that follows is
restricted to missions or proposals that received significant
effort and are reasonably well-documented or are otherwise
noteworthy. A broadly chronological arrangement is fol-
lowed in the discussion, although it must be recognized
that parallel developments in various countries and the
varying fortunes of different missions mean the chronology
is not strict.

3.1. Early Mars proposals

The first detailed planetary penetrator vehicle discussion
appears to be a Sandia Labs Mars Penetrator design in
1974, perhaps stimulated in part by work in the 1960s
and 1970s by that same institution on terrestrial penetra-
tors including nuclear weapons (Sandia Laboratories oper-
ate under contract with the US Department of Energy) and
instrumented penetrators for monitoring Chinese nuclear
tests. An early popular account (Anonymous, 1976) notes
that G. Simmons of Sandia had proposed in 1969 a free-
falling penetrator to be released from �2000 m altitude
as an augmentation to the Viking mission to search for
subsurface water. This experiment was not considered
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compatible with the mission and so was not selected for
flight, but perhaps opened the door for subsequent studies:
Ames Research Center began working in 1973 with Sandia
on Mars penetrator concepts (e.g. Lumpkin, 1974) A rather
detailed analysis (Hughes, 1976) was also made of how a
Mars penetrator might be delivered by a spacecraft derived
from the Pioneer Venus Orbiter spacecraft (it will be
recalled that Pioneer Venus was under development by
Hughes at this time, with the project being managed by
NASA Ames.)

The Mars penetrator concept received further attention
after the Viking mission, which while a scientific success
overall was disappointing for seismologists (the instru-
ments were added as an afterthought and were very suscep-
tible to wind noise: while genuine seismic events would be
identifiable by near-simultaneous detection on the two
landers, the failure of the seismometer on Viking 1 to unc-
age prevented this approach). Furthermore, the inability of
the Viking soil sampling arm to obtain material from below
�10 cm was a recognized limitation.

Thus, penetrators seemed a logical next step, and were
advocated by Sandia (e.g. Simmons, 1997). The scientific
scope of a penetrator mission was considered by a National
Research Council body, the Ad Hoc Surface Penetration
Science Committee chaired by James Westphal (NRC,
1976) which recommended

“We therefore recommend that a minimum viable mission

must consist of at least four penetrators, and that each of

these penetrators must carry a seismometer, and afterbody

imager, and at least one of the following additional experi-
ments: (a) chemical composition (b) total water measure-

ment(c) heat flow (d) afterbody meteorology. In our

opinion, with reasonable effort it will be possible to fly all

these experiments plus a few others.”
It was anticipated in this report that a penetrator mis-

sion might be developed in time for the 1981 Mars oppor-
tunity, and considerable (now somewhat forgotten) effort
was devoted to developing engineering designs for such a
mission and to investigating the scientific capabilities of
instrumentation emplaced this way.

A 1977 NASA Ames report (Manning, 1977) describes a
penetrator system (Fig. 7), then conceived as a point design
for the 1984 Mars opportunity, complementary to an orbi-
ter and rover. Six penetrators, each of 38 kg plus a 16 kg
entry system, 8 kg launch tube and 7 kg rocket motor,
would be independently launched from the carrier space-
craft during hyperbolic approach to Mars. The motor
(from the TOW missile) would accelerate the penetrator
to 60 m/s within the launch tube, thereby minimizing
plume impingement on the orbiter. This launch DV allowed
a variety of selected landing sites to be targeted with a
100 � 80 km footprint.

Each penetrator would deploy a hypersonic decelerator,
imagined to resemble an umbrella, to slow from arrival
speed – this would then be separated and a small ribbed
drogue would assure the terminal velocity at impact would
be in the range 135–165 m/s, and 10 cm diameter, 1.4 m

long penetrator would see an impact load of 1500–
2000 g. It should be noted that the details of stability and
aerothermodynamics during entry do not seem to have
received much attention.

A �2.5 kg payload was anticipated (Fig. 8), including a
soil moisture detector, an Alpha-Proton-X-ray (APX)
experiment, a seismometer, heat flow experiment, magne-
tometer and meteorology experiment. A drill system would
be used to acquire samples. The heat flow experiment was
anticipated to use a series of thermocouples on the umbil-
ical between forebody and afterbody, the latter carrying the
magnetometer, antenna and meteorology experiments. A
400 MHz UHF radio link at 1 W RF power would trans-
mit data to the orbiter at 2500 bps for a �10 min pass
(1.5 Mbit) per day.

Power was to be provided by a 20 W-hr primary battery,
plus NiCd secondary batteries trickle-charged by a
480 mW RTG. The primary battery was principally to per-
form the soil sampling (drill, APX, moisture) experiments
and seismometer leveling.

The mission failed to materialize – not only did the late
1970s and early 1980s see almost no new starts in planetary
science overall (e.g. Ulivi and Harland, 2009), but small
RTGs were not developed. A 1981 report (Murphy et al.,
1981) summarizes much of the design considerations from
the 1977 studies, together with references to various scien-
tific (heat flow, sample modification, seismic coupling) and
engineering field tests. In fact a rather large number of
extensive field tests were performed on penetrator emplace-
ment (Figs. 9 and 10), as well as tests on scientific aspects of
penetration, such as the effects of frictional heating on tar-
get material.

3.2. Galilean satellites and Mercury

Essentially the same basic Mars penetrator vehicle was
considered (Friedlander et al., 1976) for application at
the Galilean satellites, although delivery to the surface
required rather more elaborate propulsion and attitude
control, since the Galilean satellites lack atmospheres.
Consideration was given to two basic delivery strategies –
a more or less rectilinear trajectory from a hyperbolic tra-
jectory with respect to the relevant satellite, and delivery
from an elliptical orbit around it. The study correctly noted
that the guidance and navigation problems were
significant.

A more or less parallel study considered Mercury pene-
trators, where the delivery problem was essentially the
same. (Both the Mercury and Galilean studies were con-
ducted by the same team at Science Applications Interna-
tional Corporation).

3.3. Titan

Penetrators were similarly considered for Titan, which
was known at the time (1976) to have a methane-bearing
atmosphere, but it was not known how thick this atmo-
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sphere was (i.e. what was the surface pressure). Thus mis-
sion concepts had to be adaptable to thick (a few bar)
and thin (perhaps even Mars-like of �10 mbar) atmo-
spheres. Against this backdrop of ignorance, a concept
named the ‘penetrobe’ was suggested – a combination of
atmospheric probe and penetrator. This used an
umbrella-like decelerator, much like some of the Mars pen-
etrator variants, but the decelerator would be collapsed or

jetissoned if the entry and descent profile warranted, e.g. if
the atmosphere were to prove thick.

Once the Voyager 1 flyby of Titan in 1980 determined
the atmospheric conditions at the surface, studies tended
to focus on probes and balloons (e.g. Lorenz, 2009),
although penetrators were mentioned as possible elements
to be deployed from an airship. However, no detailed
design of these penetrators was performed.

Fig. 7. NASA 1970’s Mars penetrator mission concept. The carrier spacecraft would launch the penetrator by rocket from a tube. An umbrella-like
deployable fabric decelerator would be used to slow and stabilize the penetrator, which would leave an aftbody antenna at the surface.

Fig. 8. Cross- Section of the 1970s NASA Mars Penetrator concept. Note that the RTG was anticipated in the forebody.

R.D. Lorenz / Advances in Space Research 48 (2011) 403–431 411



Author's personal copy

Interestingly, the 1976 NRC report seems to have con-
sidered penetrators unviable at Venus owing to the thick,
hot atmosphere which would transfer heat rapidly to a
slender vehicle such as a penetrator. In fact the same prob-
lem would apply for Titan (although there the heat transfer

would be from the vehicle rather than to it: heating on
Titan to compensate would be somewhat easier to imple-
ment than the cooling that would be required on Venus,
however). On both bodies, the atmospheric density is such
as to make terminal velocity rather lower than is typical for
penetrators, and the velocity might need to be augmented
by a rocket motor, much as runway-cratering weapons
such as the Durandal. These thermal and delivery compli-
cations make Titan and Venus unappealing applications of
penetrator vehicles, despite occasional claims of their suit-
ability (e.g. Collinson, 2008)

3.4. Comet nucleus penetrator/CRAF

In the 1980s, which saw overall relatively little in-situ
planetary mission development overall, penetrators simi-
larly seem to have lapsed. They returned to consideration
with the development in the mid-late 1980s of a comet pen-
etrator, which was seen as an element of a Comet Rendez-
vous/Asteroid Flyby (CRAF) mission. CRAF was to fly
past two asteroids before inserting into orbit around or
at least alongside a comet for close remote sensing and
in-situ measurements of the cometary environment (dust,
gas and plasma). In addition, it was desired to have
in situ measurements from the surface of the comet
nucleus.

Any in situ interaction with a comet suffers serious and
poorly-understood challenges of low-gravity, unknown
surface roughness, texture, outgassing from jets and so
on which makes the design and operation of soft landers
very challenging. One approach that mitigates these effects
somewhat (although far from completely) is to use a pene-
trator that would be anchored in the surface by virtue of its
high-speed impact (Fig. 11).

The concept overall is described by Swenson et al.
(1987), drawing in part on an industrial study (Adams
et al., 1986). This latter 240-page document is remarkably
detailed – including extensive modeling of the delivery atti-
tude kinematics and even a component-level parts list: the
configuration designed at that time is shown in Fig. 12. The
initial concept of the penetrator was principally to carry a
Gamma Ray Spectrometer to determine the elemental
composition of cometary material (Evans et al., 1986). This
would be complemented by an Alpha-Proton-X-ray spec-
trometer (which, among other elements, would determine
the abundance of Titanium and Aluminium, whose
Gamma Ray signature would be masked by the penetrator
structure itself). Accelerometers and temperature sensors
would contribute to understanding of the physical proper-
ties of the nucleus.

Because it would not be desired to place the ‘mother
ship’ on a high-speed impact trajectory (which would allow
a simple penetrator design, with simple release by a spring,
but would require a rushed avoidance manoeuvre and com-
plicate the relay geometry) the penetrator was to be accel-
erated towards the comet by its own rocket motor. Since
the low-gravity cometary surface could in principle have

Fig. 9. The 1970s Mars penetrator effort saw extensive field testing at
several locations in the USA. In these tests at Tonopah, New Mexico, the
tunnel carved by the penetrator during impact was exposed by boring a
well. Emplacement geometry, and material modification during entry was
studied.

Fig. 10. Inspections such as that in Fig. 9 allowed the effect of rock
obstacles on penetration performance to be determined.
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a very low strength, the penetrator had a prominent aft
flare to prevent over-penetration. It is reported (Boynton,
personal communication) that some penetration and sam-
pling tests were made by dropping penetrator models from
the Arizona Wildcats Football stadium on the University
of Arizona campus (close to the Lunar and Planetary Lab-
oratory building).

The concept in 1986 (Swenson et al. (1987)) was for a
1 m-long 20.35 kg vehicle, with a 7 kg support module on
the CRAF orbiter including the relay receiver and a spin-
eject mechanism. The mechanism would provide a spin rate
of 116 rpm (rather high compared with most spin-stabilized
probes) and a linear velocity of 0.7 m/s (which is quite typ-
ical). The high spin rate was to minimize the nutation angle
from any tip-off errors during the release event, since these

would translate into delivery errors and ultimately might
cause an unacceptable angle-of-attack at impact. At a dis-
tance of �1 km from the comet nucleus, a rocket motor
would accelerate the vehicle to a speed of 40 m/s.

The gamma ray instrument required a minimum of 3,
and nominally 5, days of operation. Significantly, its detec-
tor had to be maintained below 120 K: this was planned to
be achieved by pre-cooling the detector before release from
the orbiter spacecraft and thermally isolating the detector
from the penetrator body (although it might be noted that
the ambient temperature was expected to be lower than
160 K).

The mission was expected to generate 170 kbits of raw
data over the 5 days, to be sent at intervals on a 1.5 GHz
link with radiated power of 200 mW at 1 kbit/s, even allow-
ing for 1m of cometary material burying the antenna. It
may be noted that the telemetry opportunities at a comet
cannot be reliably anticipated before arrival – since the
comet nucleus rotation will likely not be known before arri-
val at the comet, nor can the motion of the penetrator
antenna boresight across the celestial sphere. Similarly,
the comet nucleus mass will not be known a priori, so
the orbital period for a given distance of the relay space-
craft cannot be anticipated. These and other aspects of
the delivery and relay geometry are discussed by Stetson
(1988).

The CRAF mission evolved in the late 1980s into the
first of the Mariner Mark II program, which was to use a
modular multimission bus for a variety of outer solar sys-
tem missions. Two initial missions were selected, Cassini–
Huygens and CRAF. By using a common bus (structure,
radioisotope power, propulsion systems etc.) it was claimed
that the recurring costs of missions could be reduced. Each

Fig. 11. Concept of the Comet Rendezvous Asteroid Flyby (CRAF)
mission, with remote investigations on a large orbiter complemented by a
small set of in situ measurements made by a penetrator.

Fig. 12. Original, detailed design of the CRAF penetrator, from a 1986 Martin Marietta NASA study (Adams et al., 1986).
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mission had instruments and elements adapted to its partic-
ulars (e.g. Cassini would be much further from Earth, and
so had a larger high-gain antenna than CRAF). CRAF was
seen to be an important precursor to a future Comet Sam-
ple Return (at the time, this mission was named Rosetta
and was to be a joint NASA-ESA endeavour).

The penetrator for CRAF was competed via an
announcement of opportunity (AO) released by NASA in
just the same way as instruments for the CRAF spacecraft.
Two proposals were submitted, and that led by W. Boyn-
ton of the University of Arizona was selected (Boynton,
personal communication, 2011). The scientific scope was
expanded beyond the 1986 CNP concept to include mea-
suring the volatile composition of the nucleus, and the
design evolved (Fig. 13), to include more extensive instru-

mentation. An important new feature of the CRAF pene-
trator was a hook-shaped sample acquisition scoop on
the side of the vehicle (see also Bickler et al., 1997 for dis-
cussion of penetrator sample acquisition). It was hoped
that this scoop would permit the ingestion of a sample of
subsurface material from the comet (and indeed, tests
involving the drop of mockup penetrators from the large
football stadium at the University of Arizona suggested it
had a good probability of doing so, Boynton, personal
communication, 2011), which would then be examined by
a DSC/EGA instrument (Differential Scanning Calorime-
ter/Evolved Gas Analyzer). Programmed heating of the
sample (e.g. Boynton et al., 1997) allows the detection of
phase changes such as those associated with ices, and detec-
tion of gases (e.g. evolved from clathrate ices) would be
important in understanding the volatile content and origin
of cometary material. A similar, but larger, instrument was
flown by this same Arizona group on the ill-fated Mars
Polar Lander in 1999, and then the Phoenix lander in 2007.

The Committee on Planetary and Lunar Exploration
(COMPLEX) of the Space Studies Board (SSB) of the
National Academy of Sciences was requested by NASA
in 1990 to evaluate various CRAF descope options. Their
report (COMPLEX, 1990) considered the deletion of the
penetrator to have a serious science impact, noting their
earlier evaluation of “the unique ability of the penetrator
instruments to address in situ the highest priority science
objective ... namely, determination of the dust and volatile
composition, state, and physical properties of the [comet]
nucleus”, and proposed instead a broader range of payload
cuts, including capping the cost of the penetrator.

An interesting remark in the report is that “The Com-
mittee received no information concerning either the man-
agement or technical risk of the penetrator, but the
principal investigator’s statement that it is not inherently
more risky than several of the other experiments was not
contested by the JPL or NASA representatives at the
COMPLEX review.”

The total FY91-FY95 cost of the penetrator investiga-
tion, in real year numbers in appendices to the report,
was $66.49M, of which science coordination, engineering
oversight and mission design contributed about $1.5M
and the thermal shield and cover (which COMPLEX pro-
posed deleting) was $2M. Thus the penetrator represented
about half of the total ($137M) science cost on CRAF.
Examining the estimated cost savings anticipated by
descoping various instruments on the penetrator suggests
that the payload costs on the penetrator were of the order
of $14M.

Unfortunately, faced with budgetary pressure on the
MMII program, the comet penetrator was the first element
to be descoped. Subsequent more severe pressures in the
FY92 budget led to cancellation of the CRAF mission
entirely, and significant descopes to the Cassini mission
which became the only flight of the MMII ‘series’.

Comet penetrator missions (e.g. Boynton and Reinert,
1995), with simple carrier/relay spacecraft rather than the

Fig. 13. A later (circa 1990) concept of the CRAF penetrator, with more
elaborate instrumentation and a more modest flare.
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elaborately-instrumented CRAF orbiter, have been subse-
quently proposed to the NASA Discovery program
(wherein Principal-Investigator-led concepts could be
entertained) but so far without success.

The US withdrew from the Rosetta Comet Nucleus
Sample Return mission, which was then pursued by ESA
alone as a Comet Rendezvous mission, retaining the same
name. Initially in this rescoped ESA mission, 2 small land-
ers (Champollion and Roland) were anticipated, some
instrumentation on which drew on CRAF work; these were
eventually consolidated into one lander now named Philae.
Although not penetrators by the definition in this paper,
Philae does carry a self-hammering thermal probe, as well
as anchoring harpoons instrumented with thermometers
(Paton et al., 2010) and accelerometers (e.g. Kargl et al.,
2001; Kömle et al., 1997), which have some methodology
overlap with true penetrators. The Champollion name
was retained by a mission (Space Technology-4 or ST-4,
in the NASA New Millennium technology validation pro-
gram – see Section 3.9) that did consider comet anchoring
and penetration – e.g. Steltzner and Nasif, 2000 – before it
too was cancelled. Rosetta and Philae were launched suc-
cessfully in 2003 and a rendezvous with a comet is antici-
pated in 2015.

3.5. VESTA

Around the same time as the buildup to CRAF, the
European Space Agency was considering mission candi-
dates for M2, the second ‘medium class’ mission in its Cos-
mic Vision program. One candidate was named Vesta, and
was a joint project of the Russian Space Research Institute
IKI, the European Space Agency, and the French Space
Research Agency CNES, following earlier bilateral
French/Soviet study of a multiple flyby mission. The

mission (ESA, 1988), to be launched in 1994 on a Russian
Proton launcher, would fly past Mars, and an asteroid en
route to the large asteroid 4 Vesta.

During the asteroid flyby, the mission would release two
penetrators. In contrast to the CRAF mission at a small
body where a motor would accelerate the penetrator into
the comet, the mission profile for VESTA saw an asteroid
flyby velocity of some 2.2 km/s, and thus the penetrators
were carried (Fig. 14) in a separate 500 kg ‘deceleration
module’ which would use bipropellant propulsion to
instead reduce the impact velocity to an acceptable level
(� 100 m/s). The 25 kg penetrators would communicate
with the mother spacecraft (which would fly past the aster-
oid at a distance of �500 km) with an L-band radio link at
64 bps over a mission duration nominally of 1 h, although
the visibility window would depend on the rotation period
of the asteroid chosen (nominally 7 Iris or 46 Hestia).

Unusually, the two penetrators were allocated different
instrument payloads, each totaling just under 4 kg. Both
penetrators would carry an accelerometer/gravimeter, ther-
mal array probe, alpha- and X-ray spectrometers, and a
gamma ray spectrometer. One would also carry a permittiv-
ity meter, neutron detector and television camera, while the
other would carry a seismometer and gas chromatograph.

In 1989 ESA selected the Huygens mission as the M2
mission, and work on Vesta ceased, although Russia did
consider a variant ‘Mars-Aster’ in the mid-1990s (Ulivi
and Harland, 2009).

3.6. Mars-96

The Mars-96 mission (e.g. Surkov and Kremnev, 1998,
see also Surkov, 1997) was a large orbiter vehicle, some-
what derived from the Phobos mission of circa 1988. (In
fact what flew as Mars-96 actually began development as

Fig. 14. Concept of the VESTA mission. A subspacecraft (‘decelerator module’) would slow the penetrators to an acceptable impact speed, target and
release them. The mission would be limited by the duration of the communications geometry with the main spacecraft. Credit: ESA.
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Mars-94, with the original Mars-96 to have carried a bal-
loon. Economic difficulties led to the cancellation of that
mission, and the delay of Mars-94 by two years). The
spacecraft, small stations and penetrators were developed
and manufactured at the Lavochkin Research and Opera-
tional Association (NPO). The small stations were designed
in cooperation with the Space Research Institute (IKI), the
penetrators in cooperation with the Vernadsky Institute
(GEOHI). The mission included scientific contributions
from no less than 20 countries (Harvey, 2007).

The mission featured two small stations (semi-hard
landers, with self-righting by petal opening, somewhat
resembling Luna-13), two penetrators and an orbiter.
While the surface stations were delivered from the hyper-
bolic arrival trajectory, the penetrators were to be released
from orbit (Fig. 15) around Mars. The orbiter would
release each penetrator in turn which would fire its own ret-
romotor to provide a 30 m/s deorbit burn. The 1.7 m-long
penetrator vehicle would then inflate a 3.6 m diameter
inflatable decelerator (ballute) to enter the Mars atmo-
sphere �20 h later and assure correct orientation at impact.
This decelerator (Fig. 16) provided the required drag area
to slow from the hypersonic entry to a tolerable impact
speed.

The forebody was 14 cm in diameter, while the aftbody
was a 17 cm cylinder mated to a cone with a base diameter
of 80 cm (Fig. 17). The principal structural material was
titanium (Ulivi and Harland, 2009). The estimated impact

speed would be 60–80 m/s, leading to a penetration depth
of up to �5 m. Deceleration loads on the aftbody would
be limited to 500 g by a shock attenuation system. Penetra-
tion tests including drops from helicopters, as well as drop-
ping 60 m down the lift shaft of the Moscow Aviation
Institute (Harvey, 2007).

The penetrators (120 kg at release, of which 8.8 kg was
science payload: though note that there appears to be some
confusion in the literature over the breakdown of the mass
between the two penetrators and their delivery systems)
had relatively large instrument complements. They
included a camera system, magnetometer, gamma ray spec-
trometer and meteorology package on the aftbody, as well
as a seismometer, and alpha, neutron and X-ray spectrom-
eters for mineralogical studies and to detect water or ice.

Power was to be supplied for the year-long planned life-
time by a small (0. 5W electric) radioisotope thermoelectric
generator in the aftbody, supplemented for the initial mea-
surements by a 150 W-hr Lithium primary battery. Com-
munications would be at 8 kb/s by a UHF relay to Mars-
96 or the Mars Global Surveyor (on which a relay receiver
had been installed to support Russian in-situ vehicles at
Mars: this ‘Mars Balloon Relay’ would later be used for
the DS-2 penetrator mission, see next section), with over-
flight communications sessions lasting �6 min (Surkov
and Kremnev, 1998).

The Mars-96 mission was launched on a Proton booster
on November 16, 1996, but a failure of the Block D-2

Fig. 15. Delivery geometry of the Mars-96 penetrators, on the first post-insertion orbit around Mars. The penetrators are spun up and released
individually by the orbiter, and then fire small motors to achieve a shallow entry into the Martian atmosphere while the orbiter flies overhead.
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fourth stage prevented departure from Earth and so the
mission was lost, a brutal blow which effectively terminated
the Russian planetary program for the next decade and a
half (though many European payloads developed for the
Phobos and Mars-96 missions were subsequently reflown
on the ESA Mars Express mission). The Mars-96 space-
craft assembly re-entered over South America, although
no parts (including the radioisotope generators) are known
to have been recovered.

3.7. MARSNET

MARSNET was an ESA study of a potential network
mission to Mars (Chicarro et al., 1991). This envisaged 3
or 4 penetrators, each of �65 kg, to perform geochemical,
seismic and meteorological studies. The penetrator archi-
tecture was considered in parallel with a ‘semi-hard lander’
type, which the trade study favored, but the study is noted
here as having a few distinctive features. First, the penetra-
tor would make its terminal descent under a parachute,
with a terminal velocity of about 80 m/s. Second, the aft
part of the penetrator - which would remain fixed to the
cylinder/cone part – had a relatively large diameter in order
to accommodate a conical solar array (Fig. 18) for power
generation (radioisotope power sources being unavailable
for ESA, although recall Mars 94 penetrators were under
development at this time). Third, a cylindrical impact
attenuator made from a crushable material (Fig. 19) such
as aluminum honeycomb was mounted around the

penetrator body ‘to limit loads in soft material’. The logic
here appears to be that in a hard target, the penetrator
would enter some distance and the lander would be rigidly
attached, with some small deformation of the crushable
material. In a softer target, the penetrator alone would
enter too deeply, but if the aft structure impacted the sur-
face without the forebody slowing the assembly down,
the loads on the aft structure would be too large – hence
the crushable material to limit these loads. These different
lander concepts were studied by industry under the ESA
Technology development program, including finite-element
simulations of impact kinematics (e.g. Steckemetz et al.,
1993) and testing of impact absorption properties of hon-
eycomb materials (e.g. Doengi et al., 1988).

Despite these studies, residual concerns over the robust-
ness of the landing approach remained, and a more con-
ventional semi-hard lander concept was favored in a
follow-on study (‘INTERMARSNET’) and ultimately in
the Beagle-2 mission which saw flight with an airbag
impact-attenuation system.

Fig. 16. Concept of the entry and descent of the Mars-96 penetrators. A
solid thermal protection material insulates the vehicle from the heat of
entry, while an inflatable decelerator reduces the velocity at impact to
�80 m/s.

Fig. 17. Cross-section of the deployed Mars-96 penetrator, showing the
extensive instrumentation and the split into fore- and aft-bodies connected
by umbilical. Note the RTG is in the aftbody where it can effectively reject
heat.
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3.8. Lunar-A

The Japanese Lunar-A mission was a focused geophys-
ical mission to the moon (Fig. 20), to use penetrators to
deploy seismometers and make a heat flow measurement
on the moon: at least one penetrator would be deployed
to the far side of the moon, which has a significantly differ-
ent crustal structure from the nearside where the Apollo
missions made geophysics measurements. The mission
was initially developed by the Japanese scientific space
agency ISAS (Institute of Space and Astronautical Sci-
ence), which was subsequently assimilated into the larger
agency JAXA (Japanese Aerospace EXploration Agency)
when that was formed in 2003.

After initial studies (e.g. Mizutani et al., 1990, 1995) the
design of a prototype model began in 1993, with manufac-
turing of the flight units to follow in time for environmental
tests in April 1996 for an anticipated launch in 1997 (Nak-
ajima et al., 1996) with three penetrators. Early work
emphasized shock tolerance of components (it was noted
– Hayashi et al., 1993 – that plastic-encapsulated commer-
cial components were often more impact-tolerant than
ceramic mil-spec parts), use of low-voltage electronics
(while 3.3 V logic is now common, in the early 1990s 5 V
was almost always used) and encapsulation in epoxy resin
filled with glass microballoons to reduce density.

Originally, communication via a telescopic VHF
antenna deployed after penetration was planned, but after
impact tests showed reliability problems with deployment

in sand (Nakajima et al., 1996) a fixed UHF system was
to be used. Another design feature of note is that the thrust
profile of the solid de-orbit motor was tuned to be triangu-
lar instead of flat since the spin dynamics of the latter
(more common) profile would lead to amplified mis-align-
ment of the thrust vector during the burn.

Lacking an atmosphere to provide deceleration, the
impact speed would be basically as high as tolerable (to
minimize the demands on propulsion) and the impact speed
was specified to be at a speed V < 300 m/s, which with this
vehicle configuration and mass could lead to 10,000 g
impact loads. The allowable angle of attack (AoA, or a)
is a crucial parameter which appears to have undergone
some evolution – Mizutani et al., 1990 suggests penetration
is possible up to a �20�, yet Hinada et al., 1993 give a limit
of only 60�. An extensive series of scale-model tests (Shirai-
shi et al., 2008) using a 155 mm gun provide some explana-
tion – the resting attitude of the penetrator is a strong
function of impact AoA. Specifically, if AoA exceeds 10�,
the final rest attitude of the penetrator will exceed 45
degrees from vertical, which will degrade the heat flow
measurement (which relies on measuring the vertical tem-
perature gradient).

The energy source for the mission was to be Lithium
Thionyl Chloride batteries with an energy density of
430 Whr/kg, and the nominal duration was to be 1 year.
Communications would take place at approximately two
week intervals, during overflights of the carrier spacecraft:
essentially, the orbit plane of the carrier remains fixed,
while the moon rotates underneath, bringing the penetrator
site under the orbit track twice per lunar day.

The attitude dynamics of the penetrator is of course key
to its successful penetration (Fig. 21). This was recognized
very early (e.g. Morita et al., 1992.) Challenges include
knowing and controlling the attitude during the de-orbit
burn, as well as precessing the long (spin) axis around to
the vertical during the relatively short free-fall time (the
so-called ‘rhumb line’ manoeuvre). And these manoeuvres
must be conducted with a slender vehicle, which therefore
has its smallest principal moment of inertia around its long
axis (and hence is not stable in the long term).

The initial configuration (e.g. Morita et al., 1992) mini-
mized these attitude challenges at the cost of requiring hea-
vier propulsion, and was to use a de-orbit motor for each
penetrator (released from at the 10 Rm apoapsis of a highly
elliptical orbit) to put it on an impact trajectory, and a sep-
arate retromotor would brake the penetrator and be jetis-
onned just before impact. The back-to-back motor
assembly was strapped like a backpack onto the penetra-
tor, and had masses on two arms to create an assembly
with a stable moment of inertia.

Later the configuration evolved (e.g. Morita et al., 1997)
to a rather simpler system, wherein the penetrators would
be released at a much lower altitude (25 km) from which,
after a motor burn to null the orbital velocity, it would
free-fall to the lunar surface. From 25 km the impact veloc-
ity was low enough to permit survival of impact. While this

Fig. 18. Concept of the ESA Marsnet hard lander on the Martian surface.
Note the large conical solar array. Credit: ESA

418 R.D. Lorenz / Advances in Space Research 48 (2011) 403–431



Author's personal copy

required only one motor (which was now mounted at the
rear of the penetrator itself, Fig. 22), it required more atti-
tude agility. The spin rate would need to be 120 rpm (2 Hz)
to achieve adequate stability during the motor burn. The

system would then use a sun sensor and a cold gas jet to
precess the long axis to the vertical, and to actively sup-
press nutation. The system furthermore needs to autono-
mously adapt to its performance (specifically the delay
between commanding the cold gas valve to open and the
impulse being achieved). The system was therefore tested
in a balloon drop test, and then in a sounding rocket flight
in 1997, an earlier sounding rocket test in 1995 having
failed (Harvey, 2000.)

A number of electronics failures occurred during the
penetrator development, simple potting with epoxy loaded
with glass microspheres being inadequate to impact-harden
some components. In part these issues are attributed to the
side-loads being larger than anticipated – indeed, when the
angle of attack at a 305 m/s impact was 11�, the side-loads
peaked at 5000–6000 g, while the axial loads only reached
4000 g (Shiraishi et al., 2008). Unfortunately logistical con-
siderations (tests used Sandia labs airgun facilities in New
Mexico, USA) that forced tests to be scheduled 10 months
apart (Normile, 2007), and as a result the inevitable

Fig. 19. Anatomy of the Marsnet hard lander – the penetrator part is surrounded by a large honeycomb impact attenuator to limit loads on the upper
cone. Credit: ESA

Fig. 20. Artists impression of the Japanese Lunar-A mission: the carrier
spacecraft in lunar orbit has just released a penetrator. Photo: JAXA.
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trial-and-error in design and test was very slow. Other
delays and development difficulties (which led to the
descoping from three to two penetrators) included

concerns in a 1997 design review, poor illumination and
power geometry for a 1999 launch (Harvey, 2000).

ISAS/JAXA doggedly pursued development of instru-
mentation, delivery system and penetrator vehicles and
the mission was close to flight (Fig. 23) in 2004 (e.g. Mizu-
tani et al., 2003 – indeed NASA issued a proposal call for a
small number of US scientists to participate in the mission,
to which the present author responded), but the valves in
the propulsion system had to be replaced (Mizutani
et al., 2005; Shiraishi et al., 2008) following a recall by
the manufacturer after similar valves had malfunctioned
on another project. Furthermore, the robustness of the
communication system was called out as an issue of con-
cern in a launch readiness review (citing Beagle 2 and
DS-2 experience – see next section) which necessitated fur-
ther impact tests. At that point, a delay of two years or
more was anticipated, with possible launch in 2007.

In this period, a mechanical switch system was devel-
oped to disconnect the vehicle Central Processing Unit
(CPU) from its power, in order to reset it after impact (Shi-
raishi et al., 2008). This followed a failure to communicate

Fig. 21. The Lunar-A delivery concept. The free-fall phase after the motor
burn lasts only a few tens of seconds, during which time the vehicle must
be precessed around to the vertical. Note that the whole vehicle penetrates
the surface (no aftbody), and communicates through the lunar regolith.

Fig. 22. Cross-section of the Lunar-A penetrator vehicle and attitude control system.

Fig. 23. Constructed Lunar-A penetrator, ready for flight. Photo: JAXA.
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with the CPU after an impact test in 2003. Although the
cause of this was not identified, ESD (Electrostatic Dis-
charge) was noted as a plausible scenario, and ESD events
originating from triboelectric charging during the penetra-
tion event had been documented in impact tests in support
of the DS-2 mission (Lorenz and Shandera, 2002). In addi-
tion to the reset switch, assembly procedures were reviewed
and circuit board layouts were redesigned to reduce electri-
cal noise from the data processing unit from coupling into
the radio frequency (RF) systems, and thereby improve the
communication system signal-to-noise.

Unfortunately, despite these efforts, and an investment
of some $132 million, JAXA formally cancelled the
Lunar-A project on January 15, 2007 (Normile, 2007). It
seems that in principle all the development difficulties and
performance uncertainties had finally been addressed to
a large extent, so it is somewhat heartbreaking that the
mission was not launched after all. A contributing factor
to this decision was the deterioration of the carrier space-
craft (Fig. 24 – even though it had been in storage in dry
nitrogen after the propulsion valve replacement). Elements
of the launch and delivery system at this point exceeded
their qualification lifetime (recall launch on an all-solid
vehicle with a custom upper stage was originally foreseen
in 1995), and indeed the originator of the mission (H.
Mizutani) had retired in 2005. Concerns remained over
the robustness of the communications system, although a
final end-to-end penetration test was planned in late 2007.

3.9. DS-2

The New Millennium Deep Space 2 mission (aka ‘Mars
Microprobes’) is the only penetrator mission to date to
have at least reached its destination. The concept, discussed

by Keese and Lundgren (1994), entailed integrating a pen-
etrator vehicle within a frangible heat shield, such that the
penetrator would punch through it on impact. This archi-
tecture (Fig. 25) neatly avoids the complications of para-
chute deployment and heat shield separation and
provides passive aerodynamic deceleration and orientation
for acceptable impact velocity and attitude. The mission’s
early development – as part of NASA’s New Millennium
technology development and validation program – is
described in Gavit and Powell (1996). In addition to dem-
onstrating the novel entry, descent and impact architecture,
the mission was to validate other technologies including
low-temperature, impact-tolerant lithium batteries and
highly-integrated microelectronics. These included a micro-
controller, mixed analog-digital ASICs (Application-Spe-
cific Integrated Circuits), a programmable radio
transceiver (‘telecom on a chip’), power-switching electron-
ics and science instruments: these technologies were all seen
as enabling future network science missions.

In fact, some early considerations were given towards a
more geophysically-oriented mission, with inclusion of a
seismometer payload, towards low latitudes. However,
when the opportunity emerged for delivery to Mars as a
secondary payload along with the Mars Polar Lander, a
combination of factors led towards a focus on water detec-
tion. First, the polar layered terrain, where the penetrators
would impact, was believed to have a substantial water
(ice) content. Second, the low temperatures of the polar
regions and the low elevation of the sun, compromise the
longevity of a penetrator without radioisotope heating/
power. Thus the principal science objective (and science
objectives were explicitly secondary to the technology dem-
onstration goals of successful delivery and operation)
became the search for subsurface ice on Mars, which had
at the time been hinted at from geomorphological and
other studies.

Fig. 24. Lunar-A Penetrators mounted on the carrier spacecraft. Photo:
JAXA.

Fig. 25. Artist’s impression of the delivery of DS-2: after release from the
Mars Polar Lander, the vehicle simply enters the atmosphere and
decelerates, progressively turning towards the vertical at impact.
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Initially, a 1.2 kg landed mass (300 g aftbody and 900 g
forebody, connected by an umbilical) was anticipated
(Gavit and Powell, 1996) but the configuration evolved,
in particular to accommodate the batteries in the aftbody,
such that the flight configuration had a 670 g forebody and
a 1740 g aftbody. This fore/aftbody mass ratio rather com-
plicated the kinematics of separation at impact (see e.g.
Smrekar et al., 2001; Lorenz et al., 2000). Considerable
design iteration took place (Stone and Rivellini, 1998) to
determine the aftbody configuration that would prevent
rolling or skipping in a range of targets for a range of angle
of attack. This configuration evolution (Fig. 26), as well as
impact qualification of components, necessitated a pro-
gram of some 63 impact tests using a Sandia-operated air-
gun (Fig. 27) at the Energetic Materials Research and
Testing Center (EMRTC) operated by New Mexico Tech
at Socorro, New Mexico. However, unlike for Lunar-A,
the implementing organization (the Jet Propulsion Labora-
tory in Pasadena, CA) and the test facility were somewhat
close (a couple of hours flying time) which permitted a rel-
atively rapid turnaround to permit iterative design and test
– at the peak of the test program some 20 tests were per-
formed over 100 days.

The small size of the DS-2 spacecraft necessitated close
coupling of the aerodynamic and terradynamic (impact)
aspects of the mission. Given a fixed entry body size (deter-
mined early in the project as part of the interface with the
Mars Polar Lander mission) the mass of the penetrator
would determine the overall ballistic coefficient (mass per
unit drag area) and thus the impact speed and, since the
vehicle would still be decelerating from its hypersonic arri-
val and would not reach terminal velocity, the flight path
angle (the angle between the velocity vector and the verti-

cal, also termed ‘angle of incidence’). Monte Carlo simula-
tions were performed (e.g. Braun et al., 1999) to evaluate
the probability, given specified variations in Mars atmo-
spheric properties, for example, of staying within specified

Fig. 26. Artist’s impression of the DS-2 penetrator deployed on the
surface. The forebody and aftbody are connected with a flexible tape
umbilical.

Fig. 27. The truck-mounted airgun in New Mexico used for DS-2
penetration tests. Over 60 shots were performed: the one shown here was
into a chilled ice target.

Fig. 28. The DS-2 penetrator had a fairly squat aftbody, in which the
forebody was held by shear pins. The penetrator vehicle occupied the front
interior of a larger frangible entry shell, which shattered on impact.
Maintaining a forward center of gravity for entry and descent stability was
a key design driver.
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ranges. constraints. The design requirements on penetra-
tion conditions were surface impact velocity
(140 < Vp < 210 m/s), total angle of attack (0� < a < 10�),
and incidence angle (�30� < i < 30�).

Additionally, the fore- and aftbody configuration deter-
mined the center-of-mass position of the entry system
(Fig. 28), which influenced its aerodynamic stability. The
aerodynamic properties in turn map into the angular
motions which control the probability of angle-of-attack
excursions. The need for a strongly forward center-of-mass
for entry stability (the DS2 vehicles relied on passive, ‘shut-
tlecock’, stability and were not spun upon release, as is
implemented on many entry vehicles) drove the overall aft-
body configuration, as well as the incorporation of a heavy
tungsten nose on the forebody.

The entry system was a frangible shell 35 cm in diame-
ter. The front part was a 45-degree half-angle cone (with
a spherical nose) made of SIRCA-SPLIT (silicon-impreg-
nated, reusable ceramic ablator – secondary polymer
layer-impregnated technique), a ceramic material able to
tolerate 2000 �C, as verified in arcjet tests at NASA Ames.
The structural rigidity was provided by silicon nitride, onto
which the SIRCA was attached. The rear part was a hemi-
sphere (to minimize any aerodynamic torques). The flight
characteristics of the entry system were evaluated largely
by computational fluid dynamic (CFD) studies, together
with a very small number of ballistic and wind tunnel tests
at Eglin Air Force Base in Florida and in Kaliningrad,
Russia. Ballistic tests also ensured that the entry shell
would break at impact.

The power supply (activated by a microswitch on sepa-
ration of the probes from the carrier ring on which they
were mounted) comprised two sets of four half-‘D’ cells,
each less than 40 g in mass. Design and construction of
Lithium Thionyl-Chloride cells able to deliver adequate
energy at �80 �C and able to tolerate 80,000 g shocks
was a significant technology development (e.g. Deligiannis
et al., 1997) The impact tolerance derived in part from care-
ful seal redesign and welding procedures, while the major
factor in achieving adequate low-temperature performance
was the use of a tetrachlorogallate-doped electrolyte (i.e.
0.5 M LiGaCl4 in SOCl2), which yielded a capacity of
�0.7 A-hr/cell (about 40% of the room-temperature capac-
ity) at �80 �C with a cell voltage of �2.5 V.

The systems on DS-2 were exceptionally compact
(Fig. 29) – the forebody (containing microcontroller, sam-
pling drill and soil analysis experiment) was only 40 mm in
diameter and 105 mm long. It was noted that volume was a
more challenging constraint than mass, and that volume
was generally not available for fasteners such that parts
had to be press-fit or secured with adhesives, making non-
destructive disassembly and rework essentially impossible
(Fig. 30).

The payload during development was described by
Blue (1999), including an atmospheric pressure sensor.
Particular effort was devoted (e.g. Catling, 1998; Reynolds
et al., 2000) to assuring high performance of this tiny

capacitive diaphragm sensor – not only to survive the
impact, but to retain a precision calibration. Unfortu-
nately, a late design change to the microprobes required
substitution of discrete components for the ‘radio-on-a-
chip’ system, and the required circuit board space required
deletion of the pressure sensor.

The mission overall as finally implemented, with partic-
ular attention to the operations sequence and science
measurements, is described by Smrekar et al. (1999). Dur-
ing entry, a small two-axis accelerometer (Analog Devices

Fig. 29. Main part of the DS-2 forebody, with case removed – 40 mm in
diameter. Circuit boards containing an advanced microcontroller and
power electronics are mounted in a prism shape around the motor for the
soil sampler, for which a crown gear is visible at top.

Fig. 30. The extreme miniaturization of DS-2 is evident in this assembly
photo, which resembles watchmaking. Note the umbilical. Press fit
tolerances and use of adhesives meant nondestructive disassembly was
generally impossible.
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ADXL250, digitized �25 to +25g with 38 mg resolution at
20 Hz) would record the drag deceleration, allowing an
atmospheric density profile reconstruction down to the sur-
face. The impact, at 200 m/s, would result in an estimated
penetration of 0.5–1 m of the forebody, the deceleration of
which would be recorded by a separate single-axis acceler-
ometer (Endevco 7570A, digitized to 10g resolution over –
10,000 to +50,000 g at 25 kHz). This deceleration profile
would allow estimation of penetration depth (e.g. Lorenz
et al., 2000), as well as the mechanical hardness and possi-
ble layering in the target material which would be an indi-
cation of ice content. It may be noted that the
interpretation of the deceleration record was substantially
complicated by the forebody/aftbody separation kinemat-
ics at impact. Forebody cooling would be monitored by
two platinum resistance thermometers to deduce the ther-
mal conductivity of the target material (e.g. Smrekar
et al., 2001).

The aftbody contained (Fig. 31) the batteries and radio
system, as well as a single flexible solar cell used as a sun
presence detector. The S-band radio system as flown,
weighing 50 g and using 64 cm2 of board space, used 2 W
of electrical power to transmit data at 7 kbps, and 0.5 W
in receive-only mode (NASA, 1999). Communications were
effected via an antenna that nominally pointed vertically
from the aftbody – this was a rigid structure with flexible
‘whiskers’. The aftbody would in principle be able to con-
duct some rudimentary communications even if the fore-
body electronics, or the umbilical, failed. The umbilical –

for which volume was a particularly challenging constraint
– was a concertina’d kapton film 0.6 m long stored in the
back of the forebody.

The forebody, made of a high-strength alloy, contained
custom power management electronics (Fig. 29) and an
advanced microcontroller (80C51 architecture running at
10 MHz with a 32 channel analog to digital converter
and 128 K each of RAM and ROM: the system used only
6 mW operating, 0.5 mW sleep.) The forebody also con-
tained the �1.5 W Soil Water Detection Experiment, in
which a motor would turn a sideways augur to bring in
�100 mg of soil into a cup comprising a heater and therm-
istors to detect latent heat of ice melting, while any evolved
water vapor would be detected by a tiny tunable diode laser
(operating wavelength 1.37 lm) absorption cell, defined by
a �2.6 cm optical path (e.g. Smrekar et al., 1999). The
cool-down of the forebody to ambient conditions would
be monitored by two platinum resistance thermometers
to deduce the thermal properties of the adjacent regolith
(e.g. Smrekar et al., 2001).

The cost of the DS-2 project was �$28M (NASA, 1999),
plus $1.6M support for the science team. The two DS-2
microprobes and MPL to which they were mounted:
Figs. 32 and 33) were launched from Kennedy Space Cen-
ter at 3.21pm on 3rd January 1999 on a Delta II rocket. No
contact with the microprobes was possible before impact.
Nominally, an overflight by the Mars Global Surveyor
(MGS) spacecraft was to interrogate the microprobes some
hours after arrival, but neither on this nor subsequent
passes was any response received. After a certain period
the microprobes would have autonomously transmitted

Fig. 31. Cross-section of the deployed DS-2 penetrator, identifying major
components.

Fig. 32. The DS-2 entry shell was held by a ‘spider’ mounting, which
released it on command, without inducing spin.
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at intervals (e.g. to guard against receiver failure) but nei-
ther MGS nor a search for signals by a radio telescope at
Stanford University detected any transmissions. There exist
several failure modes for Mars Polar Lander (which was
also lost without trace) and DS-2 (e.g. JPL, 2000) – among
most salient for the latter are the possibility of inadvertent
activation and battery depletion on the launch pad, a sep-
aration anomaly, electrical breakdown around the
antenna, or failure at impact, most likely of the batteries
or the radio system. The review board noted that no end-
to-end test had been conducted in the very rapid develop-
ment program wherein operations took place in situ after
an airgun shot.

3.10. Sampling penetrators

Development work has been performed for several years
on various sampling penetrator concepts, which in princi-
ple allow acquisition of surface material from a planetary
body without requiring the main vehicle (an asteroid or
comet rendezvous spacecraft, or a balloon on Titan) to
contact the surface.

In the airless body case, a relatively large coring penetra-
tor was developed under the NASA Planetary Instrument
Design and Development Program (PIDDP) by W. Boyn-
ton of the University of Arizona. This device demonstrated
(Lorenz et al., 2003, 2006) the ability to acquire samples
from frozen ice targets. Significantly, the work demon-
strated an ability to preserve the stratigraphy in a �3 cm
wide, 30 cm long cryogenic (190 K) layered ice target with
airgun launch to �20 m/s.

A spring-actuated mechanism sealed forward knife
doors of a sample canister. The canister could then be with-
drawn or ejected through back of penetrator. The mission
scenario envisaged that a telescoping catcher system (Kong
et al., 2006) could snatch the canister in free space and
introduce it into a sample return capsule.

An important aspect to the success of kinetic coring is
that the hole is flared i.e. the sample encounters an ever-
widening duct. This prevents the material from blocking

the duct. The vehicle shape is unusual for a penetrator, in
that there is an exceptionally wide flare at the aft end. This
flare has two functions. First, it prevents the vehicle from
penetrating too deeply and thus assuring a clear path for
the sample canister ejection. Second, the wide ring provides
for a large transverse moment of inertia, allowing the vehi-
cle to be passively spin-stabilized (unlike most penetrators
which are slender).

Other work has explored the use of a smaller coring pen-
etrator to sample surfaces (Backes et al., 2008), with gravity-
dropped or pyrotechnically-actuated tethered harpoons able
to acquire�1 cm3 cryogenic ice samples from�15 m ranges.

3.11. Luna-Glob

A mission advocated from time to time in Russia, capital-
izing somewhat on the Mars-96 development (although per-
haps now, if it is to happen at all, to involve cooperation with
the Japanese), is a multi-penetrator mission to the Moon,
named Luna-Glob. The use of penetrators to deploy seis-
mometers to terrestrial planetary bodies has been long advo-
cated (e.g. Bogdanov et al., 1988). The original Luna-Glob
concept (Surkov et al., 1999; Galimov, 2005) anticipated a
carrier spacecraft which would first release a ring-shaped
vehicle which in turn would dispense 10 small high-velocity
penetrators to form a small aperture seismic network. Later
during the cruise to the moon, the carrier would sequentially
dispense two large penetrators, each with an attitude control
and retropropulsion system amounting to 250 kg of which
the penetrator itself comprises 35 kg. Power of �0.5 W
would be supplied by a small RTG, and the payload would
include neutron and gamma ray sensors, a camera system,
a mass spectrometer and seismometer.

The small high-speed penetrators deserve mention, even
though no significant details have been published. It has
been suggested that these could survive impact onto the
lunar surface at 2.5 km/s, by using a ‘supercavitating’ con-
figuration, with an erodible mast at the nose. This extended
nose causes a separation bubble around the vehicle, which
therefore experiences much less drag (nonetheless, deceler-
ations of some 10,000g were claimed). This supercavitation
approach is known to succeed in underwater vehicles (e.g.
Ashley, 2001), specifically the rocket-propelled VA-111
‘Shkval’ missile which can travel at some 200 knots. No
tests or detailed models have been reported on perfor-
mance in solid targets, however. At the time of writing this
paper (March 2011), industry materials appear to suggest
perhaps carrying four Lunar-A derived penetrators, with
no mention of the supercavitating devices, but a more
recent report on the near- and mid-term Russian Lunar
program (Zelenyi et al., 2011) describes a Luna-Glob con-
cept with no penetrators at all.

3.12. Polar night

At least one NASA Discovery proposal (e.g. Mosher
and Lucey, 2006) has advocated penetrators to the moon,

Fig. 33. DS-2 capsules mounted on the separation ring around the Mars
Polar Lander Entry shell.
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notably to search for lunar volatiles such as water ice,
which had been suggested by bistatic radar studies by
Clementine and later by Gamma Ray and Neutron surveys
by the Lunar Prospector (both orbiters relying on indirect
means to infer water). The Polar Night Discovery mission
suggested three penetrators released from a low 30 km
orbit, and planned to use an agile hydrazine propulsion
system to achieve a relatively modest impact speed of
75 m/s, leading to 300 g impact loads (separation from
the propulsion system would occur only 20 s before
impact). This proposal was not selected for flight. Others
have advocated similar concepts (e.g. Lo et al., 2006), but
it should be noted that the scientific imperative for this mis-
sion may have been lessened by the LCROSS mission in
October 2009 which detected water and other compounds
in the lunar regolith via hypervelocity impact (e.g. http://
lcross.arc.nasa.gov/).

3.13. MoonLITE

Interest in the UK arose during the late 2000s in imple-
menting a Lunar penetrator mission. This followed in part
from the apparent abdication of JAXA from seeing Lunar-
A through completion (leaving the opportunity for lunar
seismic discovery open) and the strong perceived public
support of planetary exploration following the (unsuccess-
ful) Beagle-2 Mars mission.

MoonLITE (e.g. Gao et al., 2008) was anticipated to
have a small lunar orbiter with four penetrators to be
launched in 2010–2011 and to see one year of lunar surface
operations. In addition to a Lunar-A like payload of seis-
mometer, heat flow (and tilt sensor and impact accelerom-
eter), a water/volatiles detector, descent imager and an X-
ray spectrometer was planned to fit in a rather modest 2 kg
science payload allocation. (An important distinction is
that a micromachined silicon seismometer would be carried
on MoonLITE, with poorer long-period seismic perfor-
mance than Lunar-A, but with a much lower mass
(300 g) and volume.) The penetrator vehicle was to have
a total mass of 13 kg, plus a rather optimistic propulsion
stage of 23 kg to perform a de-orbit from 100 km to a
40 km periapsis, then braking there to free-fall and turn
to vertical for impact.

The penetrator work advanced to the point of conduct-
ing a small number of full-scale penetration tests with some
components (including microseismometer parts) in a
rocket-sled test at the Pendyne range in Wales. However,
despite this progress and enthusiasm within the UK space
community for the mission (e.g. Collinson, 2008), the
financial crises of the late 2000s appear to have stalled pro-
gress on the mission.

3.14. Europa/Ganymede/Enceladus

Studies in NASA and ESA of a joint Europa-Jupiter
System Mission (EJSM) featuring a NASA Jupiter/Europa
Orbiter and an ESA Ganymede orbiter led to consideration

of possible surface elements, such as a penetrator (see the
Surface Element appendix in Greeley et al. (2010)). The sci-
entific goals would be geophysical (notably, seismic studies)
and astrobiological – the search for biomarkers in the ice.
Industrial studies were pursued in the UK under ESA
sponsorship, and JPL studies were also performed.
Whether the resource envelopes of these missions allow a
surface element, and whether that surface element should
be a penetrator or some other architecture is not yet deter-
mined. In so far as the landing problem for the Galilean
satellites is essentially the same as for the moon in dynam-

Fig. 34. Entry, Descent and Landing concept of the Metnet lander: the
Mars-96 heritage is evident, although Metnet features an inflatable heat
shield for the hypersonic entry phase.

Fig. 35. Mission Lead Ari-Matti Harri (FMI) presents the prototype of
the Mars MetNet Lander in FMI space laboratory. Photo: Antonin Halas,
FMI.
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ics terms, the case for a penetrator over semi-hard landers
or other vehicles is not strong. Additionally, emplacement
into the very cold ice surfaces of these worlds poses a sig-
nificant thermal management challenge. Also, while any
EJSM element will likely have to use radiation-tolerant
electronic parts, and a penetrator must use shock-tolerant
parts, a penetrator must use parts that are both radia-
tion-tolerant and shock-tolerant, which likely limits the
range of parts that can be used, or at least imposes a testing
overhead.

It may be noted also that penetrators were advocated for
Enceladus as part of the TandEM (Titan and Enceladus
Mission) concept proposed to ESA in 2007 (Coustenis,
2008). However, little detailed work on the concept was
performed.

3.15. Metnet

At the time of writing, only one penetrator project
appears to be under active development, although its flight
prospects are not clear. This project is, perhaps surpris-
ingly, led by Finland – details are at metnet.fmi.fi. The
Finnish Meteorological Institute (FMI) has been a partici-
pant in many planetary missions, including Huygens and
the Phoenix Lander. The combination of this activity
(which included participation in the unsuccessful Mars-96
mission) and a national debt situation wherein the Russian
Republic was required to provide goods or services to the
Republic of Finland led to pursuit of a Mars-96-like entry
and descent system with an inflatable ballute and penetra-
tor impact (Fig. 34).

The science payload is considerably more austere than
Mars-96, with (as the mission’s name suggests) a focus
on meteorological measurements. Additionally a small
camera, UV sensor and magnetometer is planned. Signifi-
cant hardware development has been performed
(Fig. 35), including penetration tests, balloon drops and
arcjet testing of thermal protection material.

An agreement was signed in 2001 between the Babakin
Space Center in Russia and FMI with a space test antici-
pated in 2005. Thinking at the end of the 2000s centered
on flying one or more MetNET vehicles on the Russian
Phobos-Grunt mission in 2011, although no recent
announcements have been made on this topic.

4. Considerations for mission success

It is conventional spacecraft engineering practice to
design to ‘3-sigma’ values, such that unacceptable parame-
ters are encountered less than 0.5% of the time, although
the empirical success rate for planetary missions is rather
lower than this. Yet because a penetrator is so strongly
coupled to its environment, and dependent on an absence
of rocks and steep slopes to achieve tolerable angle of
attack, it is difficult to see how such a reliability level can
be attained, even if shock tolerance of individual compo-
nents can be adequately verified. Other environmental

issues such as the fidelity of scientific measurements,
acceptability of the thermal environment and performance
of communications systems will be discussed elsewhere, but
have broadly similar considerations.

A notable exercise in the 1977 Mars study was the con-
sideration that sufficiently small rocks would not disturb
the penetration process, and sufficiently large rocks behave
as a semi-infinite target. But rocks of a size comparable
with the diameter of the penetrator (R times smaller to R

times larger) could cause the penetrator to ricochet side-
ways and break up due to sideloads. The study examined
Viking lander measurements of the rock size distribution
on the Martian surface to deduce that a probability of fail-
ure of �9% derived for R = 5, or �14% for a more conser-
vative R = 10.

It was also noted that a 5� angle-of-attack constraint in
that study could be met (assuming level terrain) as long as
winds remained below 14 m/s. Although no probabilistic
calculations were performed on this question, inspection
of Viking data (e.g. Lorenz, 1996) suggests the likelihood
of such winds, even during ‘windy’ seasons, is �5%.

Similarly, examination of topography data generated
from photoclinometry and stereo imagery of the surface
of Europa (e.g. Schenk, 2009) suggest that slopes on that
world exceed 10� (roughly the AoA allowed for Lunar-A)
on as much as 60% of some types of surface. Even the most
benign regions (crater floors) exceed 10 degrees over 10% of
terrain. Presumably the combination of a global high-reso-
lution topography dataset from a future orbiter mission,
and highly accurate guidance, might be able to target spe-
cific sites where the terrain is flatter than this, but for pres-
ent planning purposes, it seems that a probability for a
single vehicle failing to penetrate successfully due to terrain
slopes of the order of 10% or more must be tolerated.

Even where the terrain slope and/or rock size distribu-
tions of the target area are perfectly known on an airless
body, it should be noted that the incidence and angle of
attack statistics for a typical vehicle will depend on the
(often poorly-known) impulse variations for retro motors.
In other words, it is the variation in performance of the
engineered systems, not their performance itself, that deter-
mines the success of delivery. This makes margin control
and risk engineering a particular challenge.

Faced with 10–15% probabilities of encountering intol-
erable conditions, simple statistics requires that in order
to achieve a 99.5% probability of at least partial success
(i.e. at least one penetrator being emplaced successfully),
assuming the failure probabilities are uncorrelated, needs
three penetrators to be delivered to the surface. This 3:1
reliability overhead exceeds the number of vehicles that
have been developed in missions to date (DS2, Mars-96
and Lunar-A all had two vehicles) and challenges claims
of the cost-effectiveness of penetrators for single-site
measurement.

This probabilistic terrain overhead becomes much less
severe for network science missions (seismology, meteorol-
ogy and magnetotelluric investigations) where several vehi-
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cles are required to operate simultaneously e.g. to deter-
mine seismic source locations. A common ‘minimum net-
work’ for seismic studies (e.g. as described in the Marsnet
study) is of four stations. In order to have a 99.5% chance
of success of emplacing four stations if the probability of
each is 90%, then only eight stations need to be sent – i.e.
the reliability overhead falls from 200% to 100%. For a
meteorological network, a 99.5% chance of 12 operating
stations is achieved for 19 attempts – i.e. an overhead of
just over 50%. Of course, these calculations are strongly
dependent on the single-attempt success probability – but
this just makes the whole enterprise contingent upon (usu-
ally poorly-known) angle-of-attack tolerances and rock
and slope distributions.

For network missions, then, the statistics are only mod-
estly forbidding. This situation stands in some contrast to
the military arena in which penetrator technology first
evolved, wherein if a ‘mission’ such as bombing a dam
failed, it could be quickly re-attempted. Overhead factors
of at least several are common. A notable counter-example,
which proves the point, is the small number of attempts to
deposit surveillance penetrators at Lop Nor: like the plan-
etary missions to date, this effort did not succeed.

5. Conclusions

Due in part to real or perceived technical challenges,
most proposed planetary penetrator missions have not pro-
gressed beyond the study phase. Among those that have,
programmatic factors have led to project termination
(e.g. Lunar-A and CRAF) and only two (DS-2 and
Mars-96) have reached the launch pad. Neither of these
succeeded, although in one or possibly both cases, the pen-
etration emplacement was not the cause of the failure.

Some of the original scientific justification for Moon and
Mars penetrators, notably the search for water ice in the
subsurface of the polar regions, has been progressively
eroded over recent years by scientific progress on these
questions by other means, e.g. the Phoenix lander on Mars,
and the LCROSS impactor at the moon. However, Mars
perhaps remains the most attractive target for penetrator
investigation, since subsurface materials (organics, rather
than water) are of astrobiological interest, and seismic
studies of its interior are still wanting. Further, on Mars
the atmosphere can fulfil the important and expensive
deceleration and attitude control functions that must be
implemented by propulsion hardware on a lunar or Gali-
lean mission.

Yet, despite persistent calls for Mars network science,
the programmatic commitment to network missions has
been lacking (also for the moon). In part this may be due
to the perpetual erosion of network size in response to
declining margins during development (as designs are
refined – q.v. Lunar-A – the number of stations that can
be accommodated declines and thus the small network size
compromises scientific capability and the project’s robust-
ness to failure becomes reduced), and in part a reluctance

to invest substantially in a large mission for which the sci-
entific return may appear risky (the history above, few
instruments, unfamiliar instruments, modest total data
return compared with an orbiter, etc.). It would likely be
easier to ‘sell’ a network mission after a successful flight
of a single ‘demonstration’ penetrator and its instruments.
However, without promising a large scientific capability
with adequate reliability, a single penetrator mission (such
as might be easily affordable in a PI-led framework such as
NASA’s Discovery program) is not likely to fly. Thus there
is a ‘chicken and egg’ syndrome, due largely to program-
matic risk-aversion, such that stand-alone penetrator mis-
sions seem unlikely to proceed without some risk
reduction. Since the Moon and Mars have received detailed
examination by orbiters with radars, thermal mappers,
high-resolution imagers and laser altimeters, it may be that
target areas can be identified that are large enough to be
within the capability of modest delivery systems, and that
have gentle slopes and are sufficiently free of rocks that
the single-station impact survival probability can be
increased above values discussed in the previous section.
This question requires detailed examination. For Galilean
targets, such data do not exist.

Penetrators may also be attractive for small body targets
(comets, asteroids) since penetrators address the anchoring
problem that must otherwise be addressed another way.
For the Galilean satellites, the requirements of delivery
are rather similar to the moon, but emplacement in a cold
target presents considerable thermal challenges. It may be
that other architectures such as semi-hard landers (which
after all led to the first successful lunar landing – Luna 9)
are more efficient.

Empirically, the adoption of novel exploration plat-
forms has been largely via ‘add-on’ elements to larger mis-
sions, such that if the new element (balloon, rover,
penetrator, etc.) fails, the mission overall can still be
claimed to have been a success. Thus, the first planetary
balloons (at Venus, dropped off by the VeGA missions en
route to comet Halley) were secondary payloads with very
small scientific payloads. Similarly, the first Mars rover
(Sojourner, on Mars Pathfinder) was considered strictly
experimental and carried only a single science instrument.
Indeed, the paradigm under which NASA implemented a
penetrator mission (DS-2) was as an add-on technology
demonstration. However, add-on elements are always first
to be descoped when resource limits are met during devel-
opment (q.v. the CRAF penetrator) and thus without a
robust programmatic commitment to network science the
prospects even for an add-on implementation of a penetra-
tor mission are not especially hopeful. That said, the
author would be glad to be proven wrong on this point.
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