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GOAL	
We	propose	to	complement	the	lander	objec;ves	in	three	specific	points	using	addi;onal	
surface	plaWorms	lead	by	ESA:	

1.  Understand	the	exchange	processes	between	the	aqueous	interior	environments	
and	the	surface,	focusing	on	the	hydrochemistry	and	physical	state	of	the	ice	
crust.		

2.  Search	for	evidence	of	life	on	Europa.	
3.  Characterize	the	biosignature	preserva;on	poten;al	(BPP)	of	accessible	surface	

materials	at	the	landing	site.	
	
For	1	and	2	objec;ves	of	AWL	are	in	agreement	with	the	NASA	lander	driven	philosophy,	
our	analy;cal	approach	is	different,	since	EI	instruments	consider	liquid	samples	rather	
than	solid	one.		
For	third	objec;ve,	the	propose	is	a	radia;on	measurement.	
	
In	addi;on	to	them,	some	other	requirements	are	iden;fied:		
	
•  Inves;gate	areas	away	from	the	influence	of	the	landing	manoeuvres	e.g.,	by	the	sky-

crane,	preferen;ally	more	protected	from	radia;on	at	local	scale	(TBD).		
•  Avoid	the	surface	altered	compounds,	so	sample	the	subsurface.	

(from	Science	Case	doc.)	



GOAL	
TRACEABILITY	MATRIX	

(from	Science	Case	doc.)	

Inves;ga;on	 Measurement	 Requirement	 Instrument	

Characterize	the	
hydrochemistry	of	
endogenic	fluids		

Physical	chemistry:	Acidity,	
redox,	conduc;vity	and	
temperature	of	samples	in	
liquid	state	

pH	(to	1	unit)	
redox	(TBC)	
conduc;vity	(TBC)	
temperature	(0.1	K)	

Mul;parametric	
electrode	sensor	

Vola;les	in	ice	(augmented	
capability	if	AWL)	

O2,	CH4	(TBC)	 Mul;parametric	
electrode	sensor	

Goal	 Inves/ga/on	 Requirement	 Instrument	
Search	for	evidence	of	
life	on	Europa	

Detect	poten;al	
biomolecules	

Iden;fy	biomolecules	such	as:	
D/L	aroma;c	aa		
PAHs	
Short	pep;des	
An;-freezing	pep;des	and	sugars	
EPS	from	psychrophilic	microbes	
Cold	shock	proteins		
(Concentra;on	<10ppb)	

Mul;array	immunoassay	
detector	



SCIENCE	REQUIREMENTS	
1.  Liquid	sample	of	subsurface	away	from	the	influence	of	landing	manoeuvres.	
2.  Measurements	(TBC):	

1.  pH	(	resolu;on	1	unit)	
2.  Poten;al	redox	
3.  Conduc;vity	
4.  Temperature	(resolu;on	0.1K)	
5.  Dissolved	gases:	O2	,	CH4	
6.  Radia;on:	electrons,	ions	(K+,	Na+,	-TBC)	
7.  Magne;c	field	
8.  Organic	molecules	with	concentra;on	<	10	ppb	(TBC)	:	

1.  D/L	aroma;c	aa	
2.  PAHs	
3.  Short	pep;des	
4.  An;freezing	pep;des	and	sugars	
5.  Exopolisacarides	
6.  Cold	shock	proteins	



ENVIRONMET	

1.  Surface	Temperature:	100	K	
2.  Sun	radia;on:		TBD	
3.  Jupiter	radia;on:	see	next	page	
4.  Pressure:	10-11	bars	
5.  Par;cles	radia;on:	TBD	



ENVIRONMET	
RADIATION	

Landing site candidates 

Source:	L.Prockter.	Europa	lander	Study,	2012	



Landing	distance	from	lander	
NASA	has	not	release	informa;on	about	the	landing	
concept.	Nevertheless,	in	the	past	two	op;ons	were	
used:	Phoenix,	inherited	from	Viking,	concept	based	
on	last	seconds	descends	controlled	by	thrusters.,	or	
MSL	which	implemented	the	sky	crane	concept	to	
minimize	the	soil	degrada;on.	In	both	cases	the	
zone	close	to	the	landing	was	altered	by	the	
thrusters	(see	images).	

Images	of	Curiosity	landing	site	where	is	possible	to	see	
the	erosion	effect	of	sky-crane	thrusters,		



ENVIRONMENT	
SURFACE	MORPHOLOGY	

Earth 

Enceladus 

Earth 

No	enough	image	resolu;on	of	Europa	surface,	but	we	could	expect	extremely	rough	terrain	

Earth	images	 Source:	L.Prockter.	Europa	lander	Study,	2012	



NASA	LANDER	CONCEPT	

B.	Goldstein,	R.	Pappalardo.	OPAG,	March	30,	2016	
K.	Hand,	A.	Murray,	J.	Garvin.	OPAG	August	11,	2016		



Top-Level Mission Event Sequence 



Model Payload (Total Mass: 25 kg MEV) 

� Centerpiece Instruments       
for Astrobiology 
! GCMS: VCAM GC + Ion Trap 

MS, 8.3 kg CBE 
! Raman: SHERLOC 5.4 kg CBE 

� Auxiliary Instruments 
! Context LanderCams (x2),           

0.5 kg each CBE 
! Microscopic SampleCam,     

0.5 kg CBE 

� Baseline Instrument (not 
included in Threshold) 
! 3-axis Geophone, 0.8 kg 
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Payload Envelopes

Europa	Lander.	Science	Defini;on	Team	Update.	OPAG	August	11,2016.	K.	Hand	et	al.	



Lander in Sampling Configuration

14

Arm Workspace

Europa	Lander.	Science	Defini;on	Team	Update.	OPAG	August	11,2016.	K.	Hand	et	al.	
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Payload Resource Allocations

Mass	(kg) Current Volume
(cm3)
(MEV)

Total	Energy	per	
Mission*

(W-hr)	(CBE)

Total Data	
Volume	per	
Mission*

(Mbits)	(CBE)
Europa	
Lander
Payload

35.0 kg
(26.6	kg	with	32%	

margin)

24900	cm3 2500 2700

Europa	Lander.	Science	Defini;on	Team	Update.	OPAG	August	11,2016.	K.	Hand	et	al.	



Concepts	for	Ocean	worlds	Life	Detec/on	Technology		
NASA	AO	NNH16ZDA001N-CLDTCH	Released	on	Feb.	19,		due	date	June	17.	
	
The	current	Europa	lander	mission	concept	envisions	a	"so5"	landing	system	that	would	
deliver	the	lander	with	a	total	mass	of	approximately	300	kg	to	the	surface.	The	mission	
concept	is	an?cipated	to	have	a	surface	life?me	of	less	than	30	days	using	a	power	system	
consis?ng	of	solar	panels	and/or	baBeries.	The	lander	would	provide	the	ability	to	deliver	
mul?ple	surface	and/or	subsurface	samples	to	instruments.	The	an?cipated	priori?zed	
goals	of	this	mission	are	[SDT	charter	mission	goals]	:		
1.	Search	for	evidence	of	biomarkers	and/or	life,	especially	extant	life.	
2.	Assess	the	habitability	(par?cularly	through	quan?ta?ve	composi?onal	measurements)	
of		Europa	via	in	situ	techniques	uniquely	available	to	a	landed	mission.	
3.	Characterize	surface	proper?es	at	the	scale	of	the	lander	to	support	future	explora?on,		
including	the	local	geologic	context.		
The	payload	for	this	mission	is	not	yet	specified,	but	the	payload	and	its	resource	alloca?on	
are	expected	to	be	quite	limited	due	to	the	challenges	posed	by	landing	on	Europa.	While	
s?ll	under	study,	the	current	best	es?mates	(CBE)	for	resource	alloca?ons	for	the	en?re	
payload	are:		
•	35	kg	(26.6	kg	CBE	with	32%	margin)	
•	24,900	cm3	(maximum	expected	value)	
•	2,500	W-hrs	(CBE	for	en?re	surface	mission)	•	2,700	Mbits	(CBE	for	en?re	surface	
mission)		
	



DESIGN		
Preliminary	list	of	design	drivers	and	assump/ons:	
	
1.   AWL	is	ejected	from	the	lander	and	lands	(soY	impact)	at	50	

m	(TBC).	
2.  Mission	dura/on	2	days	(TBC)	
3.   Liquid	sampling	subsurface	5	cm(TBC)	
4.   Instrumenta/on		**	From	science	requirements	
5.   Environment	**	No	data	NASA	lander	data	available	
6.   Budgets	(mass,	power,	dimensions)	restric/ons	**	No	data	

NASA	Lander	data	available	
7.   Communica/ons	restric/ons	**	No	data	NASA	lander	data	

available	
	



MECHANICAL	CONCEPT	
•  Similar	concept	followed	in	Mars	

Pathfinder.	A	tetrahedron		whit		
three	sides	deployable		which	
allows	to	get	ver;cal	orienta;on	
knowing	the	gravity	vector	
direc;on	aner	landing.	

•  A	deployable	boom	to	isolate	the	
magnetometer	from	the	AWL	
body	(similar	to	Roseoa	concept).	

•  A	warm	box	for	electronics,	
baoeries	and	chemical	
instrumenta;on.	Also	for	
protec;ng	from	radia;on.	

•  Some	protec;on	is	foreseen	in	the	
lateral	face	of	the	tetrahedron	to	
mi;gate	the	impact,	even	some	
mini-airbags	could	be	
implemented.	(*)	

•  The	ejec/on	from	the	lander	will	
controlled	by	a	spring	and	a	
HDRM.	(Alterna?ve	InSight	
concept)	

Rad/Magne;c	sensor	

Liquid	Sampler	
Warm	Box	

AWL	DESIGN	CONCEPT	

(*	ESA	qualified	design)	



		

BLOCK	DIAGRAM	
MAGNETOMETER	
RADIOMETER	
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PROBES	

BATERIES	
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UNIT	

DATA	PROC.	
UNIT	

COMM.	
UNIT	

SHALLOW	
SURFACE	
SAMPLER	

WARM	BOX	

BIOMARKERS	
DETECTION	



	SAMPLING	CONCEPT	(I)	
The	concept	proposed	is	a	thermal	drill	based	with	a	laser	as	source	of	drilling	energy.	
A	diode	laser	infrared	(10.6	to	1.064	μm	1)	with	a	power	of	10	wads.	With	the	laser	is	
possible	to	remove	the	first	5cm	of	surface.	

Step	1.	At	some	distance	makes	a	
hole	up	to	5	cm	deep	

Step	2.	The	drill	head	in	contact	with	
the	ice	ac/vated	the	laser	and	make	
a	hole	of	around	1cm	deep.	Keeping	
a	core	insight.	

Drill	head	

Fiber	op/cs	
Lens	

Liner	

ICE	

ICE	
1Sakurai	et	al,	Studies	of	mel;ng	ice	using	CO2	laser	for	ice	drilling.	Cold	Regions	Science	and	Technology	(2011)	



SAMPLING	CONCEPT	(II)	

•  Step	3.	Internal	liner	is	pressurized	up	to	5	
–	10	kPa	(0.05	to	0.1	bar)	.	

•  Step	4.	The	liner	is	heated	un;l	all	the	core	
is	liquefied.	

•  Step	5.	A	syringe	absorbs	all	the	fluid	to	
warm	box	to	a	deposit	where	at	the	inlet	
for	physic-chemical	proper;es	and	the	
organic	molecule	detec;on.	

Planetary	protec;on:	esterilized	and	free	of	organic	material.	Some	
protec;on	for	isola;on	during	opera;on	on	Earth.		



SAMPLING	CONCEPT	(III)	

Actuator	for	ver/cal	movement.	
Linear	motor	or	a	pneuma/c	actuator	using	
the	pressure	deposit.	

Drill	head	with	the	fiber	op/c	embedded	in	the	
cylinder	(Kevlar	TBC)	

Heater	for	core	
processing	

Heater	to	avoid	
blocking	due	to	
re-freezing.		

Syringe	
(actuated	by	a	
spring)	

Sample	deposit	

Pysch-chemical	probes	

Biomarker	detec;on	

WARM	BOX	
Pressure	deposit	for	
liner	pressuriza/on	

SAMPLING	UNIT	

Power	es/mated	10	wads	for	1	hour	of	drilling	TBC.	(with	pneuma/c	actuator).		

Infrared	laser	diode	



MAGNETOMETER	
Based	on	ROMAP	

ROMAP	ROSETTA	lander	
requirements		
	
Range		±2000	nT		
Quan;za;on		10	pT		
Sensor	noise:	<	5	pT/sqrt(hz)	at	1	Hz	
Freq.	Range	0	..	32	Hz	
Ions	40	…	8000eV,		resou;on	7%	
Electron	0.35	...	4200	eV,		resolu;on	15%	

Ref.:	Auster	et	al.	ROMAP:	Roseoa	Magnetometer	and	Plasma	
Monitor	.	SSR(2007)128	



PHYSICO	CHEMICAL	PARAMETERS	
DETECTION	

Due	to	the	resources	restric;on,	the	concept	should	be	based	on	reliability	and	
miniaturiza;on.	The	Phoenix	wet	lab	instrumenta;on	is	to	large.	
The	proposed	concept	is	based	on	ISFET	or	CHEMFET	detectors1	based	on	
environmental	monitoring	on	earth.	

1	Jimenez-Jorquera	C.	et	al,	ISFET	Based	Microsensors	for	Environmental	Monitoring.	Sensor	(2010)	10.	

Sensor	s	
Signal	

condi;oning	
and	

polariza;on		

Control	unit	

Power	consump;on	is	the	range	of	miliwaos	and	mass	in	the	order	of	grams.		



BIOMARKER	DETECTION	
CAB	has	experience	in	developing	molecular	biomarker	
detec;on	system	based	on	immunoassay	tests.	It	has	a	
library	of	more	than	400	an;bodies.	Some	of	them	
tested	against	radia;on	(	Mars	levels).	
	The	proposal	for	
AWL	is	to	give	a	
step	toward	into	
simplicity	and	
miniaturiza;on	
based	on	lateral	
flow	concepts,	a	
technic	widely	
used	in	
immunological	
diagnos;c	in	
biological	
laboratories.	

Mark.	D.	Microfluidic	lab-on-a-chip	plaWorms:	
requirements,	characteris;c	and	applica;ons.	
Chem.	Soc.	Rev	39	(2010)	Credit:	Centro	de	Astrobiología	(CSIC-INTA)	



BUDGETS	

Mass	es;ma;on:			8	Kg	(including	a	30%	of	margin)	
Power	es;ma;on:	20	waos	(peak)			
Energy	es;ma;on:		TBC	waos/hour	
Data	es;ma;on:		TBC	Mbytes	



CONCLUSION	

1.  NASA	lander	design	looks	s;ll	quite	immature	(¿?).	
2. Many	design	drivers	are	not	defined.	
3.  AWL	should	be	understand	like	one	of	the	possible	

instruments	that	is	in	line	with	Europe	Ini;a;ve	goals.	
4.  Imaging	system	(¿?)	



…..	a	classical	awl	



BACK	UP	
		



PROP-F	(PHOBOS	MISSION)	
multiple bouncing or rolling. It was designed to be discon-
nected as soon as the descent module would have come to
rest. Fig. 2 shows the position, where the hopper was
accommodated on the mother spacecraft.

The descent module contained the power system (includ-
ing the battery), the communications unit, the scientific
payload as well as the hopping mechanism with the deploy-
able foot-base and the re-orientation system.

PROP-F was to be disconnected from the main space-
craft by means of a pyrotechnic device and then ejected
with a preloaded spring at an altitude of approximately
1–2 km above the surface of Phobos. The energy stored
in the separation spring was 6.2 ± 0.2 J. The velocity of
the separation would have been 0.4–0.6 m/s vertically
towards the surface plus a horizontal component of
2.5–3.5 m/s. After a descent of several minutes, PROP-F
was expected to touch down at Phobos’ surface with an
impact velocity 6 5 m/s (design requirement).

It was foreseen that after the hopper impacted the sur-
face, it would bounce and roll until it finally stopped.
Shortly after that the pacifier was to be detached from
the mobile device (combined with the first activation of
the hopping mechanism) and the whiskers of the re-orien-
tation mechanism would have been deployed.

The hopping was planned to be performed by releasing
an inclined piston with a “foot” (see Fig. 3). An electric
drive with planetary and worm gears was to tension a push-
ing spring by means of a cord. After that, the pushing
spring would have been released leading to the jump. Table
1 lists some parameters of the design.

Following each jump (after a short pause, to confirm the
probe has come to rest) the orientation process was foreseen.
The orientation mechanism was initially located inside the
hopper housing and consisted of two fixed boom-like

structures (whiskers) and two rotational (active) whiskers,
activated by an electric drive. In the stowed configuration
all four booms made of spring wire were bent around the
hopper body with their ends fixed. During the first activa-
tion of the orientation mechanism all whiskers were to be
released and become self-straightened due to their elasticity.
In principle, the device could be positioned correctly (with
the science sensors on the baseplate near the surface) or
upside down. Fig. 4 illustrates how the up-rightening was

Fig. 2. PROP-F (see arrow) attached to the Phobos spacecraft (courtesy: Lavochkin, VNIITransmash).

Fig. 3. Concept of PROP-F hopper (Kemurdzhian et al., 1988).

Table 1
Parameters of Phobos-PROP-F hopping mechanism.

Piston inclination (from vertical) 15!
Maximum spring force [N] 72 ± 8
Spring stroke [mm] 80
Spring constant [N/mm] 0.6
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planned to take place. The approximate rotation speed of
the whiskers was 0.5 rpm. The mechanism has been tested
and qualified, using special means for gravity reduction
(Kemurdzhian et al., 1993). Fig. 5 shows a qualification
model of the hopper after a test (the pacifier can be seen in
the back). Table 2 gives an overview of some technical
parameters of the Phobos Hopper. Table 3 lists the scientific
instruments.

The overall operations time was limited to about 4 h and
a maximum of 10 jumps (driven by the capacity of the bat-
tery, 30 Ah). Communications with the main spacecraft
was planned up to a maximum distance of 300 km; the used
frequencies were 280 MHz (300 MHz) for telemetry and
401.5 MHz (402.5 MHz) for telecommand (channels 1
and 2, respectively).

Unfortunately, the communication with the Phobos
spacecraft was lost before delivering the hopper to the
satellite surface. Nevertheless, the concept is interesting
and experience gained within this program in the 1980s is
still valid for future development.

3.2. MINERVA, part of the Hayabusa Mission

A much smaller device than the Phobos Hopper,
intended to land on Itokawa, the target asteroid of the

Hayabusa (1) mission, was Minerva (MIcro/Nano Experi-
mental Robot Vehicle for Asteroid).

The mass of Minerva was only 591 g. It was equipped
with three CCD cameras (one single and one stereo pair),
sun sensors and thermometers as payload. The robot had
a diameter of 120 mm and would have hopped by means
of an internal torquer (Yoshimitsu et al., 2003, 2006).

This torquer was designed to cause a reaction force
against the surface of the asteroid, forcing the landed
device to hop with a significant horizontal velocity. With
the given DC motor, depending on the surface friction, a
maximum hopping velocity of 10 cm/s was envisaged
(Yoshimitsu et al., 2003).

Fig. 6 shows the principle of the mobility concept of
Minerva (Kubota and Yoshimitsu, 2007); Fig. 7 shows
an image of the hopper itself.

Unfortunately, in November 2005, Minerva missed the
asteroid after having been deployed by the mother space-
craft from an altitude of about 200 m (Kawaguchi et al.,
2008). However, the hopper survived for about 18 hours
after separation and the autonomous system worked well.
Minerva was successfully transmitting data, including an
image of part of the Hayabusa spacecraft (Kubota and
Yoshimitsu, 2007).

It is planned to include a slightly modified model of the
original Minerva also in the Hayabusa 2 mission.

4. Theory of hopping

In the context of this paper we define “hopping” as a
mechanical actuation, causing a small spacecraft or lander
to move ballistically on a planetary body with a certain
gravitational field. Obviously, for small bodies with low
gravity, the relevant velocities are low (several cm/s).

Fig. 4. Phobos Hopper re-orientation concept: (a) upside up and (b) upside down (Kemurdzhian et al., 1988).

Fig. 5. Phobos Hopper qualification model after test (courtesy:
VNIITransmash).

Table 2
Technical parameters of Phobos Hopper.

Total system mass [kg] 41.2
Mass of Hopper (without pacifier) [kg] 37.7
Height (incl. pacifier) [m] 1.060
Diameter [m] 0.58
Estimated range of one jump [m] !10
Estimated lifetime [h] 4
Expected number of jumps 3–10
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2008). However, the hopper survived for about 18 hours
after separation and the autonomous system worked well.
Minerva was successfully transmitting data, including an
image of part of the Hayabusa spacecraft (Kubota and
Yoshimitsu, 2007).

It is planned to include a slightly modified model of the
original Minerva also in the Hayabusa 2 mission.

4. Theory of hopping

In the context of this paper we define “hopping” as a
mechanical actuation, causing a small spacecraft or lander
to move ballistically on a planetary body with a certain
gravitational field. Obviously, for small bodies with low
gravity, the relevant velocities are low (several cm/s).

Fig. 4. Phobos Hopper re-orientation concept: (a) upside up and (b) upside down (Kemurdzhian et al., 1988).

Fig. 5. Phobos Hopper qualification model after test (courtesy:
VNIITransmash).

Table 2
Technical parameters of Phobos Hopper.

Total system mass [kg] 41.2
Mass of Hopper (without pacifier) [kg] 37.7
Height (incl. pacifier) [m] 1.060
Diameter [m] 0.58
Estimated range of one jump [m] !10
Estimated lifetime [h] 4
Expected number of jumps 3–10
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applied to push-off the hopper. The principle of movement,
of course, stays unchanged.

The hopper body follows a ballistic trajectory once it is
pushed off the surface. The basic parameters of this trajec-
tory are the height, range and duration of the flight.

The ballistic motion of a body in airless space can be
described with the following equation:

yðxÞ ¼ x $ tan h0 %
gx2

2v2
0 $ cos2 h0

ð1Þ

where y(x) is the vertical coordinate, [ the horizontal coor-
dinate; h0 the inclination angle of the velocity vector at the
beginning of the movement; g the gravity acceleration and
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v2

0 $ sin 2h0

g
ð2Þ

The duration t of a jump is given by

t ¼ x0

v0 $ cos h0
% 2v0 $ sin h0

g
ð3Þ
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e ¼ x2
0

2 $ Du
¼ v2

0

2L $ Du
ð4Þ

The example of a hopper with a mass of m = 10 kg, as
described in chapter 5, would require a torque

Fig. 7. Minerva hopper (image: JAXA).

Fig. 8. Principle concepts of hopping actuation.
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planned to take place. The approximate rotation speed of
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401.5 MHz (402.5 MHz) for telecommand (channels 1
and 2, respectively).

Unfortunately, the communication with the Phobos
spacecraft was lost before delivering the hopper to the
satellite surface. Nevertheless, the concept is interesting
and experience gained within this program in the 1980s is
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Minerva (Kubota and Yoshimitsu, 2007); Fig. 7 shows
an image of the hopper itself.
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4.1. Principles of hopping

There are two principles of mechanical hopping, as illus-
trated in Fig. 8.

1. The hopper is pushed away from the surface (jumping,
as applied by flea, kangaroos or the Phobos-Hopper).

2. A moving mass is stopped within a hopper which, due to
the inertia of this mass, will ascend.

Scenario 1 is the more direct way of jumping and has
been chosen for the design, described in more detail in
the following chapter. However, this concept is strongly
dependent on surface properties, since the actuation is
based on a defined force acting against ground.

Scenario 2, although dynamically identical, represents a
different technical implementation. An internal mass is
accelerated and its inertia then transferred to the whole
lander. Since no piston or whiskers are acting against the
soil, this method tends to be more tolerant regarding
poorly defined surface properties. Since the actuator mass
should have a significant fraction of the overall mass, this
concept appears less favourable for bigger landers.

For both scenarios potential sticking of the lander to the
ground would prevent it from jumping and is a risk to be
considered.

Fig. 8 illustrates scenario 1 with a piston, applying a
force to the hopper through its center of mass. Although
this may appear as the most obvious solution, we will learn
that this is not necessarily required, if e.g. whiskers are

Table 3
Payload instruments of Phobos PROP-F (Kemurdzhian et al., 1988, 1989).

Experiment Responsible
investigator

Scientific instrument

Investigation of the elementary composition of the soil Surkov Automatic X-ray fluorescent
spectrometer

Measurement of the magnetic field on the surface of the Phobos Dolginov Ferroprobe magnetometer (on whiskers)
Measurement of the magnetic permeability/susceptibility Ksanfomaliti Kappa meter
Measurement of gravitational acceleration Ksanfomaliti Gravimeter
Measurement of the soil temperature in the working zone of the mobile probe Ksanfomaliti Temperature sensors
Detection of presence of the electro-conductive minerals in the soil Gromov Soil electric resistance instrument
Assessment of the physical and mechanical properties of the soil using: Kemurdzhian

– technique of dynamic penetration of the soil with soil sampling; Dynamic penetrometer with soil
sampling device

– assessment of the dynamics of the probe impact with the surface Accelerometer
– assessment of the dynamics of the pushing process during the operation of the
hopping mechanism

Accelerometer (sensor on hopping
mechanism)

Fig. 6. Minerva mobility concept (from Kubota and Yoshimitsu (2007)).
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Fig. 2. Robot with turntable inside.

Fig. 3. Developed robot (no solar panels).

solar panels onto every face of the robot. Precise
layout inside the robot is shown in Fig. 4 and the
speci!cations are summarized in Table 1. The height
and the diameter are 100 and 120 mm, respectively.

DC motor

DC motor
 (for table turn) gear

flywheel

CCD
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turn table electric
board
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Fig. 4. Internal layout of developed robot.

Table 1
Developed robot speci!cations

Body size Octangle pole !: 120 mm, height: 100 mm
Weight 550 g
Mobility system Turn table to decide the direction
Power supply Solar panels (peak power: 2:2 W; 1 AU)

Condenser (2:3 V; 50 F)× 2
Onboard CPU 32 bit CPU
Communication 9600 bps (max range: 20 km)
Payload CCD camera × 2

Sun sensor × 6
Thermometers

Power 2:6 W for actuators (max.)
consumption 1:8 W for communication

1:8 W for camera
0:8 W for on-board computer

DC motor (hop) No load speed: 11; 400 rpm
Stall torque: 8:80 mNm
Torque constant: 3:96 mNm=A (measured
in 4:8 V)

A small DCmotor is used as the torquer and the weight
of the robot is only 550 g.
The developed robot has two condensers where the

generated solar energy is charged. The maximum gen-
erated power is estimated to be 2:2 W at the distance
of 1 AU from the Sun. The required power of the
selected torquer is 2:6 W, which is supplied from the
charged condenser. Two "ywheels of total mass of
30 g are attached to the DC motor for extending the
accelerating duration of the torquer.
There are 16 pins sticking out from the vertices of

the robot. The purpose of pins are (1) to protect the
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In the following the MASCOT baseline design, is 
presented with a more detailed discussion of the 
robust landing and mobility concept thereafter. 

II. MASCOT BASELINE DESIGN 

The lander MASCOT was investigated in the 
framework of the European MARCO POLO mission, 
for which it was recommended for study as the result 
of the response to the Declaration of Interest (DOI) 
call in 2008. During two dedicated studies in the 
Concurrent Engineering Facility (CEF) at DLR 
Bremen the lander concept converged to a small 
landing package, i.e. an unlegged lander, of 10 kg that 
would perform a passive descent from main spacecraft. 
This system design was later identified to be also 
suitable for the Japanese HAYABUSA follow-up 
mission, for which MASCOT was studied in parallel 
following an invitation from JAXA. In January 2010 a 
detailed, third CE-study succeeded, while the phase-A 
study will be completed by the end of July 2010. 

Compared to previously designed small-body 
landers, i.e. the Japanese MINERVA lander on 
HAYABUSA s/c and the European PHILAE lander 
for ROSETTA mission, the MASCOT landing 
package provides a good compromise of a low mass 
system with still extensive P/L capability. While 
MINERVA is a very small (100 mm height, 120 mm 
diameter) and light-weighted (1 kg), cylindrical 
landing package with the ability to hop by rotation of 
an internal torquer, the PHILAE lander, a legged 
landing system developed under lead of DLR marks 
the other side of the interval with a mass of 96 kg. The 
MINERVA lander was designed to investigate the 
surface of the target asteroid 25143 ITOKAWA with 
CCD cameras, Sun sensors and thermometers, but 
unfortunately the lander, which was relying on the 
main s/c for the targeting of the landing site and the 
deployment, got lost during this phase and/or the 
subsequent passive descent to the asteroid surface. [2] 

 

Fig. I: HAYABUSA-2 s/c and MINERVA hopping 
robot (artist view) [3] 

PHILAE will perform an active descent with a 
final anchoring, but has no mobility on the surface of 
comet 67P/Churyumov-Gerasimenko. With the 26 kg 
of scientific payload, the lander will bring new 
knowledge after its delivery at end of 2014. [1] 

 

Fig. II: ROSETTA s/c and PHILAE lander on comet 
surface (artist view) 

II.I. Science Case 

A dedicated, mobile lander provides a local study 
of the surface and in-situ measurements at different 
sites, which accounts for its probable heterogeneity 
and can’t be performed by other means. This allows 
bringing the global, remote sensing investigations of 
the main s/c and the microscopic analysis of the 
returned samples in a comprehensive science context. 
A three-fold role of MASCOT can be derived [4]: 

1) Context Science, i.e. filling the gap between 
the global science from main s/c and the 
sample return investigations. 

2) Stand alone science, which describes the 
unique in-situ measurements only possible by a 
landing system, e.g. geophysics, analytical 
characterisation of elemental, isotopic and 
molecular composition of surface material in 
its natural state as well as astrobiological 
investigations. 

3) Reconnaissance and scouting stands for the 
evaluation of sites prior to the main s/c landing 
in order to identify interesting sampling sites.  

A variety of instruments were proposed by the 
science community to fulfil these goals, whereupon a 
subset of three instruments was chosen by reason of 
the strict mass limitation based on their scientific 
objectives and the compliance with the overall 
mission science objectives and requirements. This  
3 kg set comprises [5]: 

- ILMA (Ion Trap Mass Spectrometer) or 
XRD/XRF or Bi-static radar of 2 kg 

- VIS and Infrared Microscope of 0.7 kg 
- Wide Angle Camera of 0.3 kg 

II.II. Requirements and Systems Overview 

Based on the challenging requirements that are 
imposed to a landing package due to the asteroid 
environment (e.g. temperature conditions, radiation 
and signal roundtrip time) as well as the constraints 
for the design given by the main s/c (mass and 
physical envelope), the baseline design for the 
MASCOT lander, as established and commissioned 
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during the CE-studies in 2009 and early 2010, is 
specified as follows: 

- Mission: launch 2014/15, deployment June-
August 2019, release altitude 100 m, 16 hrs of 
on-asteroid operation 

- Main functions: on-surface uprighting and 
mobility (incl. attitude determination) and 
mainly autonomous science measurements and 
operation without ground interference 

- Mass: 13.5 kg including all margins and 
interface parts remaining on the main s/c 

- Physical envelope: 0.3 x 0.3 x 0.2 m3 
- Configuration: prismatic body with highly 

integrated accommodation, fixed instrument 
placement, integrated electronics compartment/ 
common E-box, no attitude control, no attitude 
stabilization during descent 

- Structure: aluminium-based support structure 
and casing with sandwich base and top plate 

- Mechanisms: separation mechanism (relative 
to main s/c) and a mobility mechanism for 
uprighting and hopping 

- Thermal: mainly passive (i.e. using coatings 
and MLI) with heating only during cruise and 
for warm-up 

- Power: primary battery only for 160 Whrs 
(solar generators are optional) 

- Communication: redundant, omni-directional 
UHF-Band link between MASCOT and main 
s/c with the option of using synergies with 
other landers and the main s/c 

- DHS: redundant on-board computer 
- Attitude determination: on-board sensors for 

determining movement and on-surface attitude  
- Redundancy concept: consider redundancy 

for onboard computer 
A mass breakdown of the current system 

configuration is shown in Table I.  

 Dry Mass 
[kg]

Eff. Margin 
%

Wet Mass 

[kg]

Structure 2.90 0.0 2.90
Thermal Control 0.41 15.4 0.47
Mechanisms 0.48 17.8 0.57
Communications 0.36 10.0 0.40
DHS 0.40 20.0 0.48
Power 1.00 12.0 1.12
Harness 0.30 20.0 0.36
Payload 3.00 0.0 3.00
Attitude 
Determination

0.20 20.0 0.24

Landed Mass 9.1 9.5
Interface Parts 1.5 13.0 1.7
Subtotal 11.3
Total incl. 20% 
System Margin

13.5

Dry Mass 
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Payload 3.00 0.0 3.00
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Determination
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Subtotal 11.3
Total incl. 20% 
System Margin
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Table I: Mass breakdown table 

For each subsystem, the dry mass is given based 
on the expert estimations. In addition to that, an 
effective margin is applied, which is based on the 
internal standard for CE-studies and uses 5%, 10% 
and 20% margins for fully developed items, items to 

be modified and items to be developed respectively. 
The total mass of the lander including all margins has 
been estimated of being 9.5 kg. In addition to that, 
interface parts remaining on the main s/c have been 
sized, which include e.g. an electrical support system 
and the release mechanism. The subtotal mass of the 
landed system and the parts remaining on the main s/c 
of 11.3 kilograms is increased by a final system 
margin of 20%, which is a standard for a phase-A 
study as well. This leads to the total estimated mass of 
13.5 kg. 

Fig. III shows the current configuration of the 
lander. A more detailed description of the subsystems 
design is given in [5]. 

 

Fig. III: MASCOT configuration isometric and side 
view with (1) sandwich top plate, (2) main 
aluminium structure (3) battery pack, (4) 
transceiver unit and (5) Rx-filter, (6) common 
E-box, (7) motor and gear for the mobility 
mechanism, (8) MicroOmega, (9) ILMA, (10) 
Camera 

III. MISSION ANALYSIS 

Most MASCOT activities naturally depend on the 
HAYABUSA-2 mission timeline, which lead to a 
close collaboration between the Japanese 
HAYABUSA-2 and the MASCOT team. The follow-
on mission will be finally approved this year with an 
envisaged launch in 2014 [6]. After the arrival in June 
2018 the global characterization will start, while the 
s/c will fly nearby the asteroid on a virtual line from 
1999 JU3 to the Sun similar to HAYABUSA. This 
constellation results from the stationary solar arrays 
and leads to the assumption that the global 
characterization phase will last half the asteroid orbit 
due to the highly declined asteroid rotation axis 
(ecliptic latitude of 20 deg [7]). 

For safety reasons HAYABUSA-2 will perform its 
sampling dress rehearsal manoeuvres subsequently to 
a completed observation of the asteroid [8], i.e. after 
the global shape and gravity field have been 
determined. The combination of the requirement of 
being deployed during one of these descents and 
thermal restrictions on the system design. i.e. too high 
asteroid surface temperatures around the solstice in 
April 2019 [9], the lander deployment has been 
estimated to take place in a timeframe from June 2019 
till August 2019, but latest before the Japanese 
impactor experiment takes place. The Fig. IV shows 
the overall mission timeline. 
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during the CE-studies in 2009 and early 2010, is 
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Interface Parts 1.5 13.0 1.7
Subtotal 11.3
Total incl. 20% 
System Margin

13.5
 

Table I: Mass breakdown table 

For each subsystem, the dry mass is given based 
on the expert estimations. In addition to that, an 
effective margin is applied, which is based on the 
internal standard for CE-studies and uses 5%, 10% 
and 20% margins for fully developed items, items to 

be modified and items to be developed respectively. 
The total mass of the lander including all margins has 
been estimated of being 9.5 kg. In addition to that, 
interface parts remaining on the main s/c have been 
sized, which include e.g. an electrical support system 
and the release mechanism. The subtotal mass of the 
landed system and the parts remaining on the main s/c 
of 11.3 kilograms is increased by a final system 
margin of 20%, which is a standard for a phase-A 
study as well. This leads to the total estimated mass of 
13.5 kg. 

Fig. III shows the current configuration of the 
lander. A more detailed description of the subsystems 
design is given in [5]. 

 

Fig. III: MASCOT configuration isometric and side 
view with (1) sandwich top plate, (2) main 
aluminium structure (3) battery pack, (4) 
transceiver unit and (5) Rx-filter, (6) common 
E-box, (7) motor and gear for the mobility 
mechanism, (8) MicroOmega, (9) ILMA, (10) 
Camera 

III. MISSION ANALYSIS 

Most MASCOT activities naturally depend on the 
HAYABUSA-2 mission timeline, which lead to a 
close collaboration between the Japanese 
HAYABUSA-2 and the MASCOT team. The follow-
on mission will be finally approved this year with an 
envisaged launch in 2014 [6]. After the arrival in June 
2018 the global characterization will start, while the 
s/c will fly nearby the asteroid on a virtual line from 
1999 JU3 to the Sun similar to HAYABUSA. This 
constellation results from the stationary solar arrays 
and leads to the assumption that the global 
characterization phase will last half the asteroid orbit 
due to the highly declined asteroid rotation axis 
(ecliptic latitude of 20 deg [7]). 

For safety reasons HAYABUSA-2 will perform its 
sampling dress rehearsal manoeuvres subsequently to 
a completed observation of the asteroid [8], i.e. after 
the global shape and gravity field have been 
determined. The combination of the requirement of 
being deployed during one of these descents and 
thermal restrictions on the system design. i.e. too high 
asteroid surface temperatures around the solstice in 
April 2019 [9], the lander deployment has been 
estimated to take place in a timeframe from June 2019 
till August 2019, but latest before the Japanese 
impactor experiment takes place. The Fig. IV shows 
the overall mission timeline. 
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Fig. XXV: Altitude, z-position (above) and 
gravitational force (below) during hopping 

The exemplary hop has an absolute altitude of 
about 5.0 m, which results in an absolute position 
change over ground of approximately 3.5 m. In Fig. 
XXVI the absolute position on the asteroid surface 
layer is presented, calculated from the x- and y-
position wrt. the asteroid’s coordinate system. 
MASCOT’s start position has an offset of 1.0 m from 
this coordinate system; the waved line indicates a 
rotation of the structure during the flight. 

 

Fig. XXVI: Absolute position over ground of 
MASCOT during hopping 

IV.V. Components 

The described results of the performed simulations 
are applied to the design development and the 
preselecting of components. 

Motor unit 

A suitable motor for MASCOT based on its power 
and control specifications as well as its sensor system 
is the ILM25. Originally, the light-weight and high 
performance brushless DC motor type has been 
developed at DLR Oberpfaffenhofen, but is now 
commercially available by the company RoboDrive 
[23]. It is a three-phase brushless DC motor with three 
Hall sensors for commutation. The appropriate gear is 
a Harmonic Drive HFUC 8. A ratio of 30:1 with an 
output torque of up to 1.0 Nm is adequate for the 
needs of MASCOT, according to Fig. XXIV.  

In Fig. XXVII, the CAD assembly of the actuator 
unit inside the MASCOT structure is shown. 

 

Fig. XXVII: Mobility System Components 

Basically the mechanism consists of the motor-
gear unit (1) and an axle (2), which transmits the 
torque to the inertia masses (3) on both sides of 
MASCOT. These masses are located outside the inner 
structure of MASCOT for package reasons, although 
they are protected by a cover (4). The transmission 
axle is mounted in sealed ball bearings (5). A 
mounting plate (6) supports the motor-gear unit to the 
MASCOT structure. 

Electronics and Controller 

Allegro A3930 motor controller is the central 
component of the electronic subsystem. This is a fully 
integrated and very flexible three-phase motor 
controller, which integrates MOSFET drivers and a 
number of application and safety features. The design 
of the controller system is based on DLR 
Oberpfaffenhofen’s long-term experience with the 
ROKVISS actuator arm experiment on the outer 
surface of the ISS [24]. The power electronic is 
estimated to be mounted inside MASCOT’s shielded 
electronic box. Therefore it is on a standard interface 
board with a local power supply. 

V. OUTLOOK 

The MASCOT phase-A study work was 
successfully completed in the end of July 2010. 
Currently, phase B begins, which mainly comprises 

Payload	
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Fig. XXII: Upright sequence; turnaround (from left to right)

The tangential velocity change ∆v directly depends 
on the angular speed change ∆ω, which results from 
the applied power of the actuator unit. By varying the 
application power in combination with different start- 
and stop-angles, the direction as well as the applied 
energy can be adjusted to set up the resulting 
movement. 

To analyze the functionality of the proposed 
mobility system, a multitude of scenarios with 
different configurations and varied input parameter 
sets are simulated. The result parameters of these 
simulations extend from contact forces, torques, and 
attitude parameters (position, rotation angle) of all 
bodies to visualizations as well as data for further 
investigation, e.g. power consumption calculation.  

Fig. XXII shows a typical movement sequence as 
visualized result of one simulated upright scenario. 
Visualizations in general provide a fast understanding 
of the dynamic model behaviour. 

 

Fig. XXIII: Parameter variation: z-position 

One advantage of simulation is the possibility of a 
fast sensitivity analysis of a system to changing 
conditions. For MASCOT, a parameter variation of 
the system behaviour with displaced CoMs was 
performed.  

Fig. XXIII shows the z-positions of the MASCOT 
structure as indicator of a successful turn-around. If 
the reference point comes to similar start- and end-
positions, a turn-around about 180 deg can be 
assumed. The result can be assured e.g. by regarding 
the rotation angles. Each of the three diagrams in Fig. 
XXIII shows a displacement of +/-0.02 m of the CoM 

in y- and z-direction and three fixed x-positions.  It is 
obvious that the x-position of x = -0.19 m from the 
front plate shows less sensitivity to the x- and y-
displacement than the other x-positions, where some 
combinations obviously do not lead to a successful 
turnaround. All numerical integrations are performed 
with the same input sequence, compared to Fig. XXI. 

Design support/component selection 

The simulation results are used to provide design 
support and give suggestions for suitable components 
of the mobility system. 

 

Fig. XXIV: Actuator torque (detailed time span) 

In Fig. XXIV the progression of the needed 
actuator torque for one uprighting action is shown. 
This kind of diagram is used to define the suitable 
motor-gear combination with respect to maximum 
torque and responding behaviour (see also section 
IV.V.).  

Example scenario 

Two additional results of a hopping scenario on 
the asteroid (diameter 980 m) are presented. The 
scenario has a numerical run time of 1500 s, in which 
the actual hop happens between t = 300 s and t = 760 s. 

The z-position, which means the altitude over the 
asteroid’s surface, as well as the gravitational force 
acting on MASCOT, are both presented in Fig. XXV. 
It shows clearly the dependence of the gravitational 
force from the distance of MASCOT to the asteroid’s 
center. As the acting gravitational force is calculated 
by the software for each integration step, this indicates 
the correct work of the gravitation model. 
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WISKER	CONCEPT	

M = e ! (J + mL2) of about 0.107 N m to reach a velocity
of 10 cm/s at a take-off at 45! (with the moment of inertia
of the hopper of J = 0.154 kg m2 and L = 0.234 m). This
information is important when estimating the interaction
between whiskers and the surface material of the asteroid.

In order to compute the dynamics of the jumping, it is
necessary to calculate the forces against ground at the point
of the whisker drive (A), ~F A, and the end of the whisker (B),
~F B (see Fig. 10).

In vertical direction (normal to surface) ~F A;z and ~F B;z can
be written as

~F A;z ¼ mx2L ! sin uþ me cos uþ mg $ M
2L

ð5Þ

including the terms for centrifugal force, gravity and tor-
que as a function of u and

~F B;z ¼
M
2L

ð6Þ

With this set it is possible to calculate the angle hi at which
the hopper starts to ascend at the position of the whisker
actuator, when ~F B;zðuÞ ¼ 0. The jumping angle is, thus, a
function of the mass properties of the hoppers and the
applied torque. In chapter 5, ~F A;z is plotted a function of
time for a given scenario.

The lateral force ~F A;x which has to be compensated by
friction is given by

~F A;x ¼ mx2L ! cos uþ me sin u ð7Þ

Eqs. (5)–(7) are also important to estimate the effect of
the physical properties of the surface material on the jump-
ing performance. So is it important to dimension the sur-
face area A of the whiskers such that the applied pressure
~F B;z=A
! "

can be sustained by the compressive strength of
the surface material and the lateral force by static friction.

5. Proposed concept

In the following we would like to describe one concept
for a '10 kg hopping surface package in more detail.
The proposed design would be applicable, e.g. as payload
for the Hayabusa 2 mission and could accommodate
2.5–3 kg of scientific payload. The slightly wedge shaped
main body is encapsulated in a metal or carbon fibre shell;
on one edge there is the actuator for the whiskers, which
are used for both, hopping and self-orientating of the
device. A general view of the hopper is shown in Fig. 11.

In the stored (cruise) configuration, the whiskers would
be attached to the main body and extend the supporting
elements (No. 4 in Fig. 11) only after separation from the
mother spacecraft.

Fig. 12 shows the overall dimensions assuming a density
of the main body of 1000 kg/m3 (however, the design is
scalable to some extent). This design, with an overall mass
of m = 10 kg, assuming homogeneous mass distribution
within the shell would have an inertia of about
J = 0.154 kg m2, the distance from the rotation axis of
the whiskers to the center of mass would be L = 0.234 m.
The mass of the whiskers can be ignored for dynamic con-
siderations, since it is less than 2% of the overall mass of
the hopper.

After each jump the hopper falls back to the surface bal-
listically, but it is hardly predictable on which side it will

Fig. 9. Concept of hopping with whiskers.

Fig. 10. Schematics of hopper with a mass m operating with whiskers (line
from A to B), driven by an actuator in point A. In A there is applied a
torque M, leading to a rotation x.

Fig. 11. Proposed small hopper for asteroid mission: (1) instrument
container; (2) the drive of the whiskers; (3) whiskers; (4) supporting
element; (5) joint.
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information is important when estimating the interaction
between whiskers and the surface material of the asteroid.
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of the whisker drive (A), ~F A, and the end of the whisker (B),
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the hopper starts to ascend at the position of the whisker
actuator, when ~F B;zðuÞ ¼ 0. The jumping angle is, thus, a
function of the mass properties of the hoppers and the
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Eqs. (5)–(7) are also important to estimate the effect of
the physical properties of the surface material on the jump-
ing performance. So is it important to dimension the sur-
face area A of the whiskers such that the applied pressure
~F B;z=A
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can be sustained by the compressive strength of
the surface material and the lateral force by static friction.

5. Proposed concept

In the following we would like to describe one concept
for a '10 kg hopping surface package in more detail.
The proposed design would be applicable, e.g. as payload
for the Hayabusa 2 mission and could accommodate
2.5–3 kg of scientific payload. The slightly wedge shaped
main body is encapsulated in a metal or carbon fibre shell;
on one edge there is the actuator for the whiskers, which
are used for both, hopping and self-orientating of the
device. A general view of the hopper is shown in Fig. 11.

In the stored (cruise) configuration, the whiskers would
be attached to the main body and extend the supporting
elements (No. 4 in Fig. 11) only after separation from the
mother spacecraft.

Fig. 12 shows the overall dimensions assuming a density
of the main body of 1000 kg/m3 (however, the design is
scalable to some extent). This design, with an overall mass
of m = 10 kg, assuming homogeneous mass distribution
within the shell would have an inertia of about
J = 0.154 kg m2, the distance from the rotation axis of
the whiskers to the center of mass would be L = 0.234 m.
The mass of the whiskers can be ignored for dynamic con-
siderations, since it is less than 2% of the overall mass of
the hopper.

After each jump the hopper falls back to the surface bal-
listically, but it is hardly predictable on which side it will

Fig. 9. Concept of hopping with whiskers.

Fig. 10. Schematics of hopper with a mass m operating with whiskers (line
from A to B), driven by an actuator in point A. In A there is applied a
torque M, leading to a rotation x.

Fig. 11. Proposed small hopper for asteroid mission: (1) instrument
container; (2) the drive of the whiskers; (3) whiskers; (4) supporting
element; (5) joint.
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come to rest. Consequently a re-orientation mechanism
(similar to the strategy as implemented in the Phobos Hop-
per design) needs to be foreseen. The whiskers, used for
jumping will also allow turning the hopper, in case it rests
upside-down (see Fig. 13). It needs to be mentioned that
this actuation has to be performed extremely slowly, to
avoid repeated jumping. Even low rotational momentum
can cause additional tumbling over. For a first estimation
it needs to be secured that the rotational energy is less than
the energy required to lift the main body into vertical

ðJ þ mL2Þx2

2
6 mgh ð8Þ

where h is the distance the center of gravity is lifted from
flat, horizontal to vertical orientation (in our example

about the same as L; h $ 0.2 m). For a design as described,
with the given mass and moment of inertia, on a body with
a gravitational force of about g = 10%4 m/s2, the rotation
velocity of the whiskers should be x < 0.024 rad/s or
x < 0.23 rpm. A turn of 180!, thus, should take more than
2:10 min.

The direction of each jump is defined by the coincidental
orientation of the package on the asteroid surface. How-
ever, one may think of an additional mechanism that lifts
and rotates the hopper prior to each jump. Such a concept,
although enlarging operational flexibility, would consider-
ably increase the technical complexity and involve a signif-
icant mass penalty on the overall system.

In order to evaluate the kinematics of the proposed
asteroid hopper, the system has been modelled with Simu-
link (Matlab). The following scenario has been assumed
and is illustrated in Fig. 14:

& 0 < t < 4 s (initial position of the hopper);
& 4 < t < 7.2 s (acceleration of the hopper by whisker rota-

tion with a torque of 0.107 N m);
& 7.2 < t < 7.28 s (deceleration of the drive);
& 7.28 s < t (ballistic trajectory).

Figs. 15 and 16 show the forces ~F A;z and ~F A;x respec-
tively, for the given example. Note that after about 6.5 s
(and u = 42.5!) point A (position of whisker drive) will
start to lift off the surface. Fig. 16 shows that the friction
on ground needs to overcome the maximum horizontal
force ~F 0A;x ¼ 0:67 N. Otherwise the whiskers slip on the sur-
face. A macroscopic texturing of the whiskers (“spikes”)
could be used to increase the coefficient of static friction.

Fig. 17 shows an example of a hop with an initial veloc-
ity of 3 cm/s assuming a flat surface and a homogeneous,
perpendicular gravity acceleration of 10%4 m/s2. The trajec-
tory would lead 8.97 m from the starting point; the dura-
tion of the jump is 6:45 min.

The actual design of the hopping mechanism could be
realized with a mass of less than about 1.2 kg. This is based
on the use of a Maxon" EC 45 flat motor (12 W, nominal
torque: 0.0258 Nm, see Maxon catalogue) and a gear with
a ratio of 3:1. The whiskers themselves could be manufac-
tured with a mass of about 150 g. The net power for whis-
ker operations (2 rpm) is only 20 mW; consequently (even
considering high friction margins) the system is not very

Fig. 12. Dimensions of analyzed hopper design (in mm).

Fig. 13. Up-rightening manoeuvre.

S. Ulamec et al. / Advances in Space Research 47 (2011) 428–439 435

investigating several surface areas before the sampling
manoeuvre.
2. Characterization of un-altered surface material:

Any sampling process itself (by drilling, grabbing, sputter-
ing, etc.) will modify surface or subsurface samples in a cer-
tain respect. Also insertion into a container, as well as
accelerations during re-entry and possibly radiation and
temperature variations during cruise will modify the mate-
rial properties. Since it must be the scientific aim to inves-
tigate any asteroid or comet material in its pristine, thus
undisturbed, condition, comparative in situ characteriza-
tion is inevitable to quantify the mentioned modifications
during sampling, cruise and re-entry.

3. Global characterization:

Since samples can only be collected at a few dedicated
areas, the information they provide regarding the global
characteristics of the asteroid or comet are limited. A
surface station could well close this gap (in particular, to-
gether with the main spacecraft).
4. Redundancy:

Sample retrieval, storage and return to Earth are extre-
mely challenging activities. Even in a success oriented ap-
proach, the possibility to gain important scientific results,
also in case the second part of the mission fails, is
recommendable.

A payload of a lander for a future small body mission
could include instruments covering aspects of the analysis
of surface composition, texture, physical properties, stra-
tigraphy and global characterization (e.g. Barucci et al,
2009).

More detailed, in the frame of the MASCOT study, an
alpha-X-ray spectrometer, Raman and Mößbauer spec-
trometers, an Evolved Volatile Ion Trap Analyzer
(EVITA), an Ion Laser Mass analyzer (ILMA) an X-ray
fluorescence spectrometer, an instrumented mole, a
micro-seismometer, a radar tomography experiment, an
optical microscope and IR spectrometer, a camera system,
an X-band transponder and a laser reflector have been con-
sidered (Richter et al., 2009).

Obviously, a strict selection process has to lead to an
optimized, though restricted payload, which could actually
be accommodated aboard a small lander.

It should be pointed out, that a number of instruments
(e.g. most analyzing spectrometers) would be depending
on the capability of the hopper to accurately position itself,
while others (e.g. a radar tomography experiment, based

Fig. 16. Force at point A, lateral to soil surface.

Fig. 17. Trajectory of a jump with an initial velocity of 3 cm/s in a
10!4 m/s2 gravitational environment. The take-off angle in this example is
42.5!.
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CUBLI	

Fig. 3. The CAD drawing of the Cubli with one of the acrylic glass covers
removed.
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Fig. 4. The Cubli electronics schematic: Six IMUs (rate-gyro and
accelerometer) are connected to the ARM7 microcontroller with three I2C
buses. The three motor controllers communicate with the microcontroller
over the CAN bus.

III. SYSTEM DYNAMICS

In this section the nonlinear dynamics of the Cubli are de-
rived using Kane’s equations and the dynamics are linearized
around the upright equilibrium position. The linearized dy-
namics will be used for system identification and corner
balancing in the following sections.

With respect to the notations of this paper, let R, C and
N denote the set of real, complex, and natural numbers. For
attitude representations we adopt [9], where A

B

R 2 SO(3)
describes the rotation of frame {B} relative to frame {A}.
Note that the column vectors of A

B

R are the unit vectors
of {B} expressed in {A}. Furthermore, e

i

denotes the unit
vector with a single non zero element at i and ṽ1 2 R3⇥3

is the skew symmetric matrix of the vector v1 2 R3 where
ṽ1v2 ⌘ v1 ⇥ v2, for all v2 2 R3. Unless otherwise noted by
a proceeding superscript all quantities are represented in the
Cubli body fixed frame {B}.

A. Nonlinear System Dynamics

Consider the Cubli balancing on its corner, as shown in
Fig. 5. Let !h 2 R3 denote the angular velocity of the
Cubli relative to the inertial frame {I} expressed in the
Cubli’s body fixed frame {B}, !wi

2 R, i = 1, 2, 3 denote

the angular velocities of the wheels around the rotational
axis

B

e
i

, and I

B

R 2 SO(3) denote the attitude of the
Cubli relative to the inertial frame {I}. Note that attitude of
the Cubli can also be represented by the zyx-Euler angles
� = (yaw(↵), pitch(�), roll(�)). The relationship between
the rotation matrix and Euler angle representation is given
by

B

I

R = eẽ3↵eẽ2�eẽ1� , (1)

where e is the matrix exponential. The nonlinear system
dynamics are derived using Kane’s equation [10] for multi
bodies given by

�vT
X

8j

h
JT
Pj
ṗ
j

+ JT
Rj

ṅ
j

� JT
Pj
F a

j

� JT
Rj

T a

j

i
= 0, (2)

for all �v 6= 0, where

v := (!h,!w1,!w2,!w3) 2 R6 (3)

denotes generalized velocity, j denotes a particular rigid
body of the multi-body system, p

j

the linear momentum
of the rigid body j, n

j

the angular momentum, F a

j

the
external active force, T a

j

the external active torque, and J⇤j
the Jacobian matrix. Geometrically, Kane’s equation can be
interpreted as the projection of the Newton-Euler equation
on to the configuration manifold’s tangent space [11].
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Fig. 5. Cubli balancing on the corner.
B

e⇤ and
I

e⇤ denote the principle
axis of the body fixed frame {B} and inertial frame {I}. The pivot point
O is the common origin of coordinate frames {I} and {B}.

Consider the Cubli as a multi-body system consisting of
four rigid bodies: The Cubli housing h and three reaction
wheels w1, w2, and w3.

First, consider the Cubli housing h and let rh denote the
position of the center of mass of the Cubli frame expressed
in Cubli body fixed frame {B}. Now, using

ṙh = !h ⇥ rh and (4)
r̈h = !̇h ⇥ rh + !h ⇥ (!h ⇥ rh) (5)

The Cubli: A Reaction Wheel Based 3D Inverted Pendulum

Mohanarajah Gajamohan, Michael Muehlebach, Tobias Widmer, and Raffaello D’Andrea

Abstract— The Cubli is a 15⇥15⇥15 cm cube with reaction

wheels mounted on three of its faces. By applying controlled

torques to the reaction wheels the Cubli is able to balance

on its corner or edge. This paper presents the development

of the Cubli. First, the mechatronic design of the Cubli is

presented. Then the multi-body system dynamics are derived.

The parameters of the nonlinear system are identified using a

frequency domain based approach while the Cubli is balancing

on its edge with a nominal controller. Finally, the corner

balancing using a linear feedback controller is presented along

with experimental results.

I. INTRODUCTION
For slightly more than a century, inverted pendulum

systems have been an indispensable part of the controls
community [1]. They have been widely used to test, demon-
strate and benchmark new control concepts and theories [2].
Algorithms for controlling pendulum systems are an active
area of research today [3]–[5].

Compared to other 3D inverted pendulum test-beds [6],
[7] the Cubli has two unique features. One is its relatively
small footprint, (hence the name Cubli, which is derived
from the Swiss German diminutive for “cube”). The other
feature, demonstrated in Fig. 2, is the Cubli’s ability to jump
up from a resting position without any external support, by
suddenly braking its reaction wheels rotating at high speeds.
The concept of jumping up is covered in [8], while this paper
focuses on the balancing aspect.

The remainder of this paper is structured as follows:
Sec. II presents a brief overview of the Cubli’s mechanical
and electronic design. This is followed by the derivations
of the system dynamics in III and system identification in
Sec. IV. Sec. V covers the state estimation algorithm. Finally,
the controller and the experimental results are presented in
Sec. VI.

II. MECHATRONIC DESIGN
Fig. 3 shows the CAD model of the Cubli, which consists

of an aluminium housing holding three reaction wheels
through the motors. Although a light weight housing would
result in high recovery angles, it must be strong enough to
withstand the impact-based braking during jump-up [8].

With respect to electronics, everything except the power
source is mounted in the Cubli. A simplified diagram of
the electronics is presented in Fig. 4. The STM32 discovery
board (ARM7 Cortex-M4, 168MHz) from STMicroelectron-
ics is used as the Cubli’s main controller. Six IMUs (MPU-
6050, InvenSense), one on each face of the Cubli, are used

The authors are with the Institute for Dynamic Systems and Control,
Swiss Federal Institute of Technology Zürich, Switzerland. The contact
author is M. Gajamohan, e-mail: gajan@ethz.ch.

Fig. 1. Cubli balancing on the corner. In the current version, the Cubli
(controller) must be started while holding the Cubli near the equilibrium
position. Power is provided from an external constant voltage supply.

(a) (b)

Fig. 2. The Cubli jump-up strategy: (a) Flat to Edge: Initially lying flat
on its face, the Cubli jumps up to stand on its edge. (b) Edge to Corner:
The Cubli goes from balancing on an edge to balancing on a corner.

for tilt estimation. Each IMU consists of a rate gyro and
an accelerometer, and is connected to the main controller
through the I2C bus. A 50 W brushless DC motor, EC-45-
flat, from Maxon Motor AG is used to drive the reaction
wheels. The three brushless DC motors are controlled by
three DEC 36/2 modules, digital four quadrant brushless DC
motor controllers. The motor controller and main controller
communicate over the CANopen protocol.

Finally on the software side, The STM32 port of the
FreeRTOS scheduler is used for the multitasking of the
estimation and control algorithms and an Eclipse based tool
chain is used for development.
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Abstract— The Cubli is a 15⇥15⇥15 cm cube with reaction

wheels mounted on three of its faces. By applying controlled

torques to the reaction wheels the Cubli is able to balance

on its corner or edge. This paper presents the development

of the Cubli. First, the mechatronic design of the Cubli is

presented. Then the multi-body system dynamics are derived.

The parameters of the nonlinear system are identified using a

frequency domain based approach while the Cubli is balancing

on its edge with a nominal controller. Finally, the corner

balancing using a linear feedback controller is presented along

with experimental results.

I. INTRODUCTION
For slightly more than a century, inverted pendulum

systems have been an indispensable part of the controls
community [1]. They have been widely used to test, demon-
strate and benchmark new control concepts and theories [2].
Algorithms for controlling pendulum systems are an active
area of research today [3]–[5].

Compared to other 3D inverted pendulum test-beds [6],
[7] the Cubli has two unique features. One is its relatively
small footprint, (hence the name Cubli, which is derived
from the Swiss German diminutive for “cube”). The other
feature, demonstrated in Fig. 2, is the Cubli’s ability to jump
up from a resting position without any external support, by
suddenly braking its reaction wheels rotating at high speeds.
The concept of jumping up is covered in [8], while this paper
focuses on the balancing aspect.

The remainder of this paper is structured as follows:
Sec. II presents a brief overview of the Cubli’s mechanical
and electronic design. This is followed by the derivations
of the system dynamics in III and system identification in
Sec. IV. Sec. V covers the state estimation algorithm. Finally,
the controller and the experimental results are presented in
Sec. VI.

II. MECHATRONIC DESIGN
Fig. 3 shows the CAD model of the Cubli, which consists

of an aluminium housing holding three reaction wheels
through the motors. Although a light weight housing would
result in high recovery angles, it must be strong enough to
withstand the impact-based braking during jump-up [8].

With respect to electronics, everything except the power
source is mounted in the Cubli. A simplified diagram of
the electronics is presented in Fig. 4. The STM32 discovery
board (ARM7 Cortex-M4, 168MHz) from STMicroelectron-
ics is used as the Cubli’s main controller. Six IMUs (MPU-
6050, InvenSense), one on each face of the Cubli, are used
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Fig. 2. The Cubli jump-up strategy: (a) Flat to Edge: Initially lying flat
on its face, the Cubli jumps up to stand on its edge. (b) Edge to Corner:
The Cubli goes from balancing on an edge to balancing on a corner.

for tilt estimation. Each IMU consists of a rate gyro and
an accelerometer, and is connected to the main controller
through the I2C bus. A 50 W brushless DC motor, EC-45-
flat, from Maxon Motor AG is used to drive the reaction
wheels. The three brushless DC motors are controlled by
three DEC 36/2 modules, digital four quadrant brushless DC
motor controllers. The motor controller and main controller
communicate over the CANopen protocol.

Finally on the software side, The STM32 port of the
FreeRTOS scheduler is used for the multitasking of the
estimation and control algorithms and an Eclipse based tool
chain is used for development.
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TABLE I
The Background and the Primary Fields at Europa and Callisto before and during Encounters C3, C9, E4, and E14

From Khurana (1997) model

From Galileo data For times t during the 1/4 synodic period before C/A

Field BJ at C/A Bprim,C/A Bprim,C/A Max. angle Max. (min.) of
Encounter componenta (nT)b (nT)c (nT)d (Bprim(t),Bprim,C/A)e Bprim,C/A − Bprim(t) (nT) f

Callisto C3 Bx −2.4 −2.4 −3.4
By −31.7 −31.7 −33.4 5.5◦ 3.2 (−3.0)
Bz −10.8 0 −0.3

C9 Bx 1.7 1.7 5.8
By 33.65 33.65 33.9 8.6◦ 2.2 (−7.5)
Bz −10.7 0 −1.9

Europa E4 Bx 53.4 53.4 49.8
By −176.2 −176.2 −172.0 148.5◦ 0 (−104.0)
Bz −410.0 0 −21.0

E14 Bx 9.6 9.6 10.1
By −212.2 −212.2 −213.2 132.5◦ 0 (−138.1)
Bz −402.7 0 −17.6

Note. This table lists values used in assessing the background field BJ, the primary field at closest approach Bprim,C/A, and the temporal variation of the primary
field Bprim(t) before each of the considered encounters. For the construction of the model fields of Figs. 3–6, Bj and Bprim,C/A were estimated using Galileo data
(see Sections 4.1.1 and 4.2). For the analysis of the phase lag (Sections 4.1.2 and 4.2.2), Bprim,C/A and Bprim(t) were determined from the Khurana (1997) model
(Bprim(t) = ⟨BJ⟩ − BJ(t), where BJ(t) is the model jovian background field predicted at the moon’s position at time t and the brackets denote an average over many
synodic periods).

a All field components are given in the moon-centered coordinate systems defined in Section 4.1.1 for Callisto and 4.2 for Europa.
b Jovian background field at the location of the moon at the time of closest approach,. estimated from Galileo measurements (see Section 4.1.1).
c Primary field at closest approach, estimated from the equatorial projection of the background field at closest approach given by the previous column.
d Primary field at closest approach, estimated from the Khurana (1997) model. Note that it does not differ appreciably from the primary field estimated using

Galileo data given in the previous column. In particular, the component Bz is small compared to Bx and By , as expected (see Section 2).
e Largest angular separation between the primary field at closest approach and the primary field during the preceding 1/4 synodic period.
f Largest (smallest) algebraic difference between the magnitude of the primary field at closest approach and the magnitude of the primary field during the

preceding 1/4 synodic period.

dipole models and exhibits short-scale fluctuations, probably
due to plasma currents, with amplitudes comparable or larger
than the perturbations expected from an induced field. Encoun-
ters E12 and E15 occurred while Europa was very close to the
center of the dense plasma sheet (see Fig. 1a of Kivelson et al.
1998). On flybys E11, E17, and E19, the spacecraft was almost
1 RE ormore away from the equatorial plane,where disturbances
due to the plasma currents from the Alfvén wings are expected
to be strong (e.g., Neubauer 1998).We will therefore restrict our
attention here to the remaining encounters E4 andE14,which are
closer to the equatorial plane (within less than 0.1 and 0.5 RE,
respectively) and took place in the lobes, well outside of the
jovian current sheet (see Figs. 3 and 1a of Kivelson et al. 1999).
Figures 4a and 4b show the magnetic field Bobs measured

during the two Europa encounters E4 and E14, respectively, as
well as induced field models Btot (for various values of A and
for φ = 0) and the background field BJ. All fields were con-
structed in the same manner as for Callisto (see Section 4.1.1).
The coordinate system is analogous to that defined for Callisto in
Section 4.1.1, but has its origin at Europa’s center and distances
are measured in Europa radii RE. It is apparent that the equato-
rial components of the field (Bx and By) are in rough agreement

with induced field models having φ = 0 and A close to 1. How-
ever, large departures from the models are evident in the verti-
cal Bz component and the magnitude B. During flyby E14, the
measured field was consistently stronger than both the back-
ground and the induced field models and reached its maxi-
mum strength near closest approach. A gradual increase in field
strength was measured starting as far as approximately 8 RE
away from the moon on the inbound leg. A more abrupt de-
crease was observed on the outbound leg, with B falling back
to background values at a distance of less than 4 RE. The field
increase at large distances is indicative of currents flowing in the
ambient plasma rather than a dipolar (or higher order multipole)
field generated by Europa. The MHD simulation of the Europa
interaction by Kabin et al. (1999) and their comparison with E4
data confirm that the Bz perturbation can wholly be attributed to
plasma currents, as was suggested byKivelson et al. (1999). The
compression of the field on the upstream side (x < 0) is qualita-
tively consistent with deceleration of the corotating flow by the
obstacle and increasing mass-loading closer to Europa. On the
downstream side (x > 0) the field strength has almost returned
to its background value. On the E4 flyby, the field strength sig-
nature is dominated by rapid (less than 5 min) or small-scale

Zimmer	et	al.	Subsurface	Oceans	on	Europa	and	Callisto:	Constrains	from	Galileo	Magnetometer	Observa;ons.	Icarus		
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hop://www.cubesatshop.com/product/nss-magnetometer/	

Orthogonality:	beoer	than	+/-	1°	
Measurement	range:	+60,000nT	to	-60,000nT	
Sensi;vity:	6.5nT	
Update	rate:	up	to	10Hz	
Noise	density:	<500pT	RMS/Hz	@1Hz	
Power	consump;on:	<700	mW	
3-axis	analogue	output:	0-5V	or	Serial	(RS422	or	I2C)	op;ons	
Temperature	output	0-5V	
Dimensions:	96x43x17mm	
Mass:	<200g	
Opera;ng	temperature:	-35°C	to	+75°C	
15g	rms	random	vibra;on	(qualifica;on	levels)	
10krad	total	dose	(component	level)	
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RPC-MAG		requirements		
	
Range		±16384	nT		
Quan;za;on	20	bit;	31	pT		
Sampling	rate		20	vectors/s		
Bandwidth	0–10	Hz		
	
Dimensions:	25x25x25	mm3	

Mass	of	28g	

Ref.	Galssmeier	et	al.		The	Fluxgate	Magnetometer	in	the	
ROSETTA		Plasma	Consor;um.	Space	Science	Review	
(2007)	128	
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Abstract—Future NASA exploration missions to Mars, 
Europa, Titan, comets, and asteroids will perform sampling, 
in-situ analysis and possibly the return of material to Earth 
for further tests. One of the major limitations of sampling in 
low gravity environments is that conventional drills need 
high axial force. An ultrasonic/sonic driller/corer (USDC) 
mechanism was developed to address these and other 
limitations of existing drilling techniques. The USDC is 
based on an ultrasonic horn that is driven by a piezoelectric 
stack. The horn drives a free-mass, which resonates, 
between the horn and drill stem. Tests have shown that this 
device addresses some of the key challenges to the NASA 
objective of planetary in-situ sampling and analysis. The 
USDC is lightweight (450 g), requires low pre-load (< 5N) and 
can be driven at low power (5W). The device was operated 
from such robotic platforms as the Sojourner rover and the 
FIDO robotic arm and it has been shown to drill various 
rocks including granite, diorite, basalt and limestone. The 
drill can potentially operate at high and low temperatures 
and does not require sharpening. Although the drill is driven 
electrically at 20 kHz, a substantial sub-harmonic acoustic 
component is found that is crucial to drilling performance. 
Models that explain this low frequency coupling in the horn, 
free-mass, drill stem and rock are presented. Efforts are 
currently underway to integrate the models and 
experimentally corroborate the predictions. 
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1. INTRODUCTION 

Efficient drilling and coring of rock materials has a great 
significance to the NASA planetary program where a sample 
needs to be cored, in-situ analyzed, and possibly returned to 
Earth. Other fields can also benefit from an effective drilling, 

including military, medical operations, construction, geology, 
sport (e.g., hiking), and games. Existing drilling techniques 
are limited by the need for large axial forces, high power 
consumption, and heavy mechanisms. In addition, 
conventional drillers are subject to drill bit jamming, 
breaking, dulling and are difficult to use in non-horizontal or 
hard surfaces drilling. Also, the drilling process is hampered 
by the accumulation of drilling-debris in the drilled area. The 
life of coring bits is markedly reduced by the breakdown of 
the binder that holds the abrasive material on the bit surface. 
The ability of the new ultrasonic/sonic driller/corer to 
operate with minimum axial load (see Figure 1) offers 
important enabling technology. The authors’ efforts are 
directed towards understanding the mechanism and 
analytically modeling its operation thereby optimizing its 
performance.  
 

 
 

 
Fig. 1. A photographic view of the USDC held from its cable 
while coring sandstone. The minimal need for axial force is 
easily seen. 
 
To establish the required analytical model simultaneous 
theoretical and experimental studies have been launched and 
data were collected to assist in understanding the 
mechanism. The experimental setup consists of a USDC 
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1 cm. For our current study, we estimate that the analysis
instruments need to be brought to a depth of at least 2 m
below the surface to gain astrobiological significant data
of pristine soil. We will see later that this depth is only
within the reach of a penetrator in combination with a
melting probe. It is unlikely that classical drilling tech-
niques can be applied on a Europa mission to reach these
depths.

(2) Search for any biogenetic signatures in an acquired
sample of solid ice, liquid water or volatiles. The confirma-
tion of the presence of living organisms on Europa can
be accomplished by the detection of (i) biological structures
and their fossilized remnants, or (ii) their waste and meta-
bolic products. The first can most likely be detected by
microscopic analysis of melted ice (Prieto-Ballesteros
et al., 2009). Miniaturized and rugged imaging systems
are nowadays available for various applications. This
imaging technique can be combined with spectroscopy to
determine the chemical components of the sample. Prieur
(2009) suggests the search for metabolic by-products
through analysis of the concentration anomalies in Euro-
pan ices: One indicator is the measurement of the pH value
of the water. Biogenetic gases (i.e. Methane CH4, Hydro-
gen Sulfide H2S) can be measured by gas chromatography
in combination with a mass spectrometer (Gerasimov,
2009).

In the following chapter, we describe the functionality of
a melting probe equipped with a drilling mechanism, and
the tests that were performed with two prototypes.

In chapter three, we will study the integration of a ther-
mal system into a high-velocity penetrator and we will sim-
ulate the penetration depths that can be reached by such a
system.

In the last chapter, a strawman payload for such a sam-
pling system is outlined, and the use of these instruments in
a thermal probe application is discussed.

2. Thermal drill concept and prototype test results

A novel type of melting probe was developed which
combines two locomotion mechanisms, gravity-assisted
melting and mechanical drilling (Weiss et al., 2008). Such
a hybrid locomotion mechanism brings advantages in
terms of penetration performance, sample acquisition and
mission security. Once the borehole has refrozen it is
expected that the inner pressure in the hole will increase
to a point where water remains liquid. A melting system
could sample waters which are transported into the instru-
ment by the use of a micro-pump. A series of filters retains
biogenic material, if present, for further analysis by an
optical microscope, a chemical micro-laboratory or spec-
trometry. Gases, as indicators of biological activity, could
be acquired by this combination of heating and drilling.

The weakness of systems that use melting as unique
locomotion lies in the necessary trade-off between the
power consumption and penetration speed. Current mis-
sion proposals solve this problem by the use of radioiso-

tope thermoelectric generators (RTG). However, the
power budget which is invested to penetrate into the sur-
face depends on the depth in which in-situ analysis has to
be performed. A safe assumption for the system design
might be a minimal operation range of two meters. This
will be a challenging requirement for a classical drill tool
with a rigid connection to the surface under Europan con-
ditions. Ice in the environmental conditions of the Europan
surface is expected to have a Young’s Modulus of several
GPa (Nimmo, 2009). The maximal operation depth of a
melting probe or thermal drill on the other hand is limited
by the energy budget, penetration time and maximal cable
length which the probe can carry. Since it can be expected
that the channel behind the probe will refreeze, all neces-
sary cable need to be hosted inside the penetration unit
and paid out by a Tether Management System (TMS).
The current design as developed in the recent ESA contract
(Kömle et al., 2009) allows the storage of 10 m of cable
length. The cable is spooled up on a cylindrical axis and
is paid out as the probe sinks into the ice. During payout
the electrical contacts are maintained by a custom-designed
slip-ring system, which allows rotational motion without
interrupting the electrical contact or twisting the tether.
In the testing described below, a simple tether payout sys-
tem was used which is not integrated in the probe itself.

Fig. 1 shows the architecture of the thermal drill proto-
type. The rotary blades are driven by a 15 W motor and
three spur gears. The small propeller rotates at 885 rpm,
with a torque of 0.0324 Nm. The larger propeller rotates
in the opposite direction at 648 rpm, with a torque of
0.0419 Nm. The two propellers rotate against each other
to reduce the overall torque on the probe. The housing

Fig. 1. The thermal drill prototype and its internal components: [1] rotary
blades, [2] cartridge heater (four others in the corners are not shown), [3]
gear, [4] motor, [5] tether compartment and [6] cable.
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About the energy transfer in this system, we consider here four
physical processes: (1) The energy to raise the initial ice temperature
to the melting point (i.e., sensible heat). (2) The latent heat to melt
ice. (3) Lateral heat losses due to warming of the melt water. And (4),
lateral conductive heat losses outside of the borehole. For (1), as the
temperature of the sample is just slightly below 0 °C, the sensible heat
is negligible. So we ignore this process. For (2), we assume 100% con-
version of laser power into latent heat (6.01 kJ/mole) generation in
ice. Thus, the melting speed (cm/s) = laser power (W) / latent heat
(J/cm3) / laser spot (cm2). This is a realistic assumption because the
penetration depth of the CO2 laser light into ice is less than 0.1 mm.
Thus, the laser power should be transferred to heat on the ice surface
within a depth of 0.1 mm. The resulting measurements show that the
melting speed at 10.6 μmwavelength and 50W/cm2 excitation intensi-
ty is ~4 mm/s for snow (150 g/cm3) and ~0.8 mm/s for ice at 0 °C

(Fig. 4). However, for solid ice, the melting speed is almost 65% lower
than theory.

To clarify the measurement-theory discrepancy especially for pro-
cesses (3) and (4), we ran additional experiments using bubble-free,
13-cm-thick ice blocks. In these experiments, we measured the change
of melting speed of ice during penetration at several beam irradiation
angles (Fig. 5a). To test the influence of water accumulation, we varied
the angle of the hole such as to promote or hinder melt drainage.
In these measurements, the laser excitation intensity was fixed at
106 W/cm2. The results in Fig. 5b show little change in melt speed be-
tween irradiation angle cases of 0°, 2.4°, and −2.4°. However, for the
−5.7° case the speed remarkably decreases. Using linear fitting, the ini-
tial melting speeds (0–50 s) from the tilted-up through the tilted-down
angles are 1.7, 1.4, 1.2, 1.2, and0.8mm/s. The large decrease for themost
tilted-down case (−5.7°) indicates that the lateral heat losses due to
warming of the accumulated water in the hole decrease the melting
speed. Moreover, for the most tilted-up (positive 5.7°) irradiation angle,
the melting speed is 1.4 times larger than the horizontal case, likely be-
cause the melt-water can flow away from the hole. In this case, the re-
maining 15% discrepancy with theory is likely from process (4), lateral
conductive heat losses outside of the borehole. We conclude that the
melting speed of ice from a CO2 laser is almost 50% less than that from
a theory that excludes effects from the melt-water. This issue should be
considered when evaluating the performance of laser drilling.

4.2. The concept of laser drilling system (LDS) using optical fiber coupled
CO2 laser

The results show that the CO2 laser has potential for use in drilling
ice, but the effect of melt-water accumulation from the irradiation

Fig. 2. Experimental setup. Au (gold)mirrors and a beam expander are used for controlling the laser position and spot size (~4-mmdiameter) on the sample. Photo at right shows the laser
oscillator, laser power controller unit, and optical elements.

Fig. 3. Ice block penetrated by CO2 laser irradiation. The laser entered from the front in the
picture. Thehole diameter is about 4mmand thehole length is about 13 cm.Wiping paper
is under the ice block in the front.

Fig. 4. Average melting speed of ice and snow from the laser intensity. Snow densities are
153, 340, 415, and 610 kg/m3. Calculation details are in the text.
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