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Legend says that once, long time ago, not one but ten sunbirds rose into the sky. 

The land was too dry for plants to grow and people and animals suffered under the 
intense heat of those ten suns.  

In his desperation the Emperor called Houyi (“Hoo-Jee”; 	â5“ ), the god of archery, for 
aid. Houyi shot down the sunbirds, one by one, until halted after the ninth shot and thus 
saved the people of Earth… 

 
 

 
 
Houyi is legend. Now three Facts: 
 

·  If Apophis collides with Earth, it will unleash the power of 4 megatons of TNT 
which corresponds to over 250 times the atomic bomb of Hiroshima  
[Yeomans 2007]. 

 
·  As of August 2007, there have been discovered over 5000 Near Earth Objects 

like Apophis [Yeomans 2007]. 
 

·  Mankind has no proven counter-measure against such catastrophe.  
 
 

 
 
 

 
Apophis has “only” the size of approximately the Eiffel Tower… 
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Executive Summary 
 
The following proposal will describe the Houyi Asteroid Surveillance Satellite 
system developed in response to the Apophis Mission Design Competition. 
The here proposed system is a miniaturized satellite, based on the CubeSat 
satellite class. The drawback of such systems is the fact that their payload is 
rather limited compared to classical interplanetary spacecraft. Furthermore this 
class of satellites does not dispose of a propulsion system strong enough to carry 
them far out beyond Earth’s orbit. In order to overcome these problems, a piggy-
back mission concept is proposed, onto the ESA mission SOLO (Solar Orbiter). 
The path of this craft will carry Houyi in proximity of Apophis orbit and solves thus 
the problem of incorporating a large propulsion system. Several other missions, 
in the timeframe of interest to Apophis are analyzed and offer further possibilities 
for a piggy-back mission. Arrived in proximity of the Apophis’ orbit, Houyi will 
place itself in a parallel orbit of the asteroid and observe the body with its optical 
instruments. The exact path of the asteroid is derived from the optical 
measurements onboard Houyi.  
This report will show that many of the technologies, which are needed to tackle 
this technological challenge are beyond the demonstrator stage. Solutions for 
miniaturized propulsions systems, optical sensors and actuators exist and are 
used in space on various CubeSats. But Houyi wants to go further, it is proposed 
to develop a modular system of CubeSats by different suppliers from university 
and industry to foster the international cooperation in solving the problem of NEO 
deflection and assure a maximum of public awareness. This cannot be achieved 
by a single nation project limited to a few, large industrial companies. A modular 
system based on CubeSat offers the possibility to spread the project over the 
whole planet  and to include the dynamics of this community. A fact, that will 
significantly reduce the costs of such mission. 
Optional to this mission a seismic impactor deployment is proposed: 
A mission to Apophis will bear the opportunity to do a simple seismic experiment 
that will help to unravel the internal morphology of this body. Its data might be of 
primordial importance if ever Apophis turns out to be a danger for Earth and 
suitable counter-measures need to be designed.  
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Résumé 
Ce document correspond à la proposition de construction  d’un satellite de surveillance 
d’asteroide, nomé « Houyi » , en reponse à l’Apophis Mission Design Competition.  
Le systeme proposé est un satellite miniaturisé, basé sur le concept des CubeSats. 
L’inconvénient connu de ces systemes est d'une part leur limitation en terme de charges utiles, et 
d'autre part  la carence en  systemes de propulsion assez forts pour des missions 
interplantetaires. 
Pour ressoudre ce probleme,  une mission « piggy-back » a été proposée, basée  sur la mission 
SOLO de l’ESA : Cette mission peut ammener Houyi à  proximité de l’orbite de Apophis, et 
diminuer par cobséquent la nécessité d'avoir un systeme de propulsion puissant.  
Ce rapport montre que non seulement les instruments nécessaires  à ce  type de mission ont 
déjà été développés avec efficacité, mais aussi que ce projet peut profiter du dynamisme de la 
communauté des CubeSats.  
Enfin, en option, un systeme de trois impactateurs est proposé, avec pour objectif d'analyser les 
propriétés de la surface d’Apophis avant son passage en 2029. 

. 

Zusammenfassung 
Das folgende Dokument beschreibt das System “Houyi”, ein Asteroiden Überwachungssatelliten, 
als Antwort auf die “Apophis Mission Design Competition”.  
Houyi ist ein miniaturisierter Satellit, basierend auf dem CubeSat Konzept. Der Nachteil dieser 
Systeme ist die Tatsache, da�  nur sehr geringe Nutzlasten mitgeführt werden können, und das 
solche Systeme noch nicht über entsprechende Antriebe verfügen, welche für interplanetare 
Flüge benötig werden. Dieses Problem wird bei Houyi mit dem Konzept eines « Piggy-back » 
Fluges auf der ESA SOLO Mission gelöst.  
SOLO kann Houyi in die Nähe des Orbits von Apophis bringen, und führt damit zu einem stark 
reduzierten Antriebssystem für diesen Satelliten.  
Dieser Bericht wird aufzeigen, dass nicht nur die nötigen Instrumente in miniaturisierter Version 
zur Verfügung stehen, sondern da�  das Projekt von der dynamischen Entwicklungsgemeinschaft 
um die CubeSats profitieren kann. Desweiteren wird optional auf Houyi ein Impactor-System 
vorgeschlagen, welches die Oberflächeneigenschaften von Apophis bereits vor 2019 
untersuchen kann.  
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1. Objective  
The objective of this proposal is the development of a tacking system for 
potential Earth cruising asteroids in order to predict their future path and 
probability of an impact. While the here described system shall be designed for 
possible encounter with NEO Apophis, its concept shall be adaptable basically to 
any potential asteroid. The system that will be described in the following pages 
shall fulfill following tasks: 
 
 
… tag and track Apophis: 
 
In 2029, the asteroid Apophis will enter into the gravity field of Earth.  
This close encounter will change Apophis’ trajectory around the sun and might 
change it to an extent, that this body will collide with Earth the next time it will 
come close in 2036. In order to predict and possibly avoid such catastrophe, an 
accurate tracking system is needed to predict the extract trajectory of Apophis 
before 2029 to allow counter-measures to be devised if needed. 
 
 
… analyze the asteroid: 
 
Although recent missions such as Giotto, NEAR Shoemaker and Hayabusa have 
delivered mankind insight about the properties of asteroids, the detailed picture 
about the internal morphology of such bodies is still incomplete. The here 
proposed mission will have the unique possibility to land a device on the surface 
of Apophis. While this mission design mainly targets to tag Apophis, it would be a 
suitable opportunity to land some simple sensors on the surface in order to learn 
more about the internal structure of this asteroid. Houyi will not only confirm or 
denounce Apophis becoming a danger for Earth in 2036, it will also deliver some 
data on the morphology of this body. Data that is crucial for the development of 
any counter-measures. 
 
 
… raise public awareness: 
 
The sowing of public awareness starts with the mission design. 
While the main part of this document will deal with the technical architecture of 
the Houyi mission, the need to raise the public awareness shall be kept in mind. 
While media and decision takers are concentrated on relatively small planetary 
problems, people must realize that a piece of rock, of the size of several meters 
is already sufficient to destroy a whole city. The Houyi mission will take into 
consideration design philosophies that shall facilitate the spread of information on 
this subject. 
 



 Houyi  
Apophis Mission Design Competition 

 
 

 7 

2. Mission Design 
Main purpose of the mission to Apophis will be to demonstrate the feasibility to 
track a NEO with sufficient precision in order to predict its future path and 
potential impact danger. While the concept of this mission must be transferable 
to the majority of NEOs, it must be designed with the restricted budgetary 
conditions in mind to better its chances for financing. 
In order to marry the technological challenges of the Apophis mission with the 
political constrains, an approach based on a miniaturized piggy-back mission is 
proposed. 
Even if Houyi was piggy-backed onto a host mission, its worthiness for the proof 
of tracking methods and NEO deflection still remains; only the launch, transfer 
and approach need to be altered for successive missions. In addition, the viability 
of these stages has been demonstrated by Hayabusa, NEAR Shoemaker and 
Giotto. It will only a question of money and political will to bring a suitable system 
near the target NEO. Houyi aims to prove the parts of the mission design that 
have not been tested so far; namely tagging, tracking and target analysis for 
deflection strategy design.  
 
The coming Phobos-Grunt and SOLO missions have been identified as potential 
host mission for Houyi as it will be explained in the following sections. 
 

2.1. Overall Mission Specifications and Description  
Since 2006, based on additional observations, Apophis has been down-graded to 
Level 0 on the Torino scale and the estimate for impact probability is at 1 in 
45,000. Therefore, the proposed mission aims to prepare technology and know-
how to perform a mitigation mission when the risk arises.  
Instead of designing the mission under the pretence of Apophis being an 
imminent threat, the proposed mission will provide a platform for proofs-of-
concepts of technology that mainly for scientific, proof-of-concepts purposes.  
Some of these objectives include: 

 

·  Proof-of-concept for tracking the asteroid with the use of a miniaturized 
“watchdog-satellite” 

·  Proof-of-concept for controls and operations to mitigate risks of possible 
future earth-asteroid encounters 

·  Demonstrate and gain experience with spacecraft-asteroid rendezvous or 
interception 

·  Understanding the geology of the asteroid, in turn determines the best 
course of asteroid deflection method if needed 
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The Houyi Mission will foresee three major phases: 
 

I. Piggy-back the spacecraft onboard a scientific mission that traverses 
the Apophis orbit and release the spacecraft in proximity to this orbit. 

II. Set the spacecraft in an orbit parallel to the Apophis orbit and follow 
the asteroid. 

III. Optional, launch three miniaturized penetrators into the asteroid to 
determine its surface morphology and internal structure. 

IV. Measure changes in the relative distance to the asteroid in order to 
calculate its exact course throughout space. 

2.2. Concept of Piggy-Back onto Host Mission  
To start tracking the asteroid for possibility of future intervention in 2029, Houyi 
should be flown as early as possible. In Jan 2013 and March 2021, Apophis will 
be within 0.1 AU from Earth which can add to the process of narrowing down the 
keyhole in which the asteroid needs to miss. Those are also opportunities for 
additional asteroid deflection strategy based on physical impact to change its 
course. Since the launch and transfer for rendezvous does not represent 
technologies which call for a proof of feasibility, it is proposed to use a host-
mission that goes beyond the orbit of Apophis to launch a miniaturized watch-dog 
satellite and therefore to reduce the overall mission costs. 
 
Piggyback mission presents a low-cost option compared to a dedicated launch. 
Other low-cost launch options have been considered, such as classical Cubesat 
projects; but often, the final orbits are only as large as geostationary. If low-thrust 
electric propulsion option is to be used to stay within the limit of launch mass, the 
time required to reach the asteroid would be too long. Therefore, to save mass 
and cost of having a large propulsion system, mission similar to  ESA’s SOLO is 
particularly attractive as the Earth’s escape Delta-V is included as part of the 
overall spacecraft’s budget. The number of possible missions is limited by the 
necessary time of development to build up a mission to Apophis and the time that 
is necessary to track the asteroid.  
 
 
A launch in 2009 was therefore set as earliest date (while it is clear that such 
date would demand a rapid development of this project). The latest launching 
date was set to mid-2016 in order to comply with the requirement to deliver a 
trajectory by 2017. Missions between August 2009 and August 2016 are 
therefore potential candidates to host Houyi and the following table lists the 
resulting potential missions. Due to the fact that Apophis belongs to the  
Aten category of asteroids, both mission types, inside or outside the Earth’s orbit 
are possible candidates [ESA 2002]. Besides the launching date, the best choice 
of mission depends thus on several factors: 
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o Mission trajectory versus Apophis orbit and position  

o Available payload onboard the spacecraft (if known) 

o Mission target (some missions from the field of asteroid science 
might be more open to accept such additional payload) 

o Mission operator (to include further nations into the asteroid thread 
endeavor).  

 
TABLE 1: Potential Mission to piggy-back Houyi betw een 2009 and 2016. 
Mission Name 
(Organization) 

Target Expected 
Launch period 

Apophis  Orbit 
Proximity 
(expected) 

Remarks 

MSL (NASA) Mars 15 Sept. 2009 
04 Oct 2009 

No direct 
crossing 

Under development 
[Viotti 2007] 

Phobos-Grunt 
(Russia) 

Mars / 
Phobos 

October 2009 Jan 2010 Under development 
[NPO Lavochkin 2007] 
[ESA 2007h] 

Mars Orbiter (NASA) Mars ?? 2011 ?? planned 

Planet-C or Venus 
Climate Orbiter 
(JAXA) 

Venus May 2010 
June 2010 

Aug 2010 Under development 
[Jaxa 2007][Jaxa 2007b]  

Jupiter Polar Orbiter 
JUNO (NASA) 

Jupiter 11 Jun 2011 
31 Jun 2011 

July 2012 Under development 
[Pertzborn 2007] 

Don Quijote (ESA) Asteroid ?? 2011 ?? planned 
[ESA 2007] [Gálvez 2007] 
[ESA 2007b] 

Bepi Colombo (ESA) Mercury Aug 2013 Dec 2014 Under development 
[ESA 2007c] [ESA 2007d] 

ExoMars (ESA) Mars Aug 2011 
Dec 2013 

Jan 2014 
(Dec 2013 

launch) 

Under development 
[ESA 2007e]. [Sheriff 
2006], [ESA 2007f] 

Venera-D (Russia) Venus ?? 2013 ?? Planned  
[ESA 2007g] 

Solar Orbiter SOLO 
(ESA) 

Sun May 2015 Sep 2015 Planned 
[ESA 2006] 

 
From the missions listed above, some will have within their trajectory a close 
encounter with the orbit of Apophis. As described above, two main scenarios are 
imaginable as shown in figure 1 and 2: A mission outwards from the Earth orbit 
(example Phobos-Grunt) or a mission inwards from the Earth orbit (example 
SOLO and Planet-C).  
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Apophis’ orbit is inclined 3.33 deg to Earth orbital path. One of the cross sections 
of this orbit is located at the point A in the figure below with B being the second 
section point. This means that a spacecraft launched from Earth’s orbital plane 
near to this point will use less energy to reach the orbital plane of Apophis. From 
this it becomes clear that among the listed missions, SOLO and Planet-C 
represent more advantages in terms of minimum delta-V comparing to that of 
Phobos-Grunt to reach the Apophis orbit.  
 

  
Figure 1: Phobos-Grunt transfer to Mars Figure 2: SOLO transfer into the inner solar 

system (SOLO orbit only partly represented. 
Planet-C orbit similar).  

 
The general idea of piggy-backing a spacecraft to the proximity of the Apophis’ 
orbit is presented here.  
A clear decision on what mission was to be finally chosen, will largely depend on 
available payloads onboard and the diplomatic and budgetary efforts which are 
necessary to include such payload for such asteroid mission.  
According to discussions with the Russian and the Chinese space agencies, 
there were about 5-10kg available for an additional payload to be included on-
board the Phobos-Grunt mission. For the other missions no such information is 
available.  
Ideally an Apophis mission would be hosted by a mission towards another 
asteroid, since the scientific community behind those missions might be more 
open to such proposal. ESA’s Don Quijote, which intends to impact an asteroid is 
an example. Unfortunately no further data on this mission was found and it is 
therefore mentioned here only as option.  
 
But regardless of the host mission, the design drivers remain to be: 

o Reduced overall weight and size of Houyi 

o Propulsion system necessary to reach Apophis orbit and to synchronize 
with the asteroid.  

o Development of the system is framed by the launching date of the host 
spacecraft 
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Respecting these factors will increase the chances to develop a piggy-back 
mission, but it is expected that the cause and scientific value of the Houyi 
mission would create a strong case to be considered. 
For the development of the further proposal, a piggy-back mission type like 
SOLO or Planet-C is proposed. The launching date is over two years ahead for 
Planet-C and over seven for SOLO.  
While the Planet-C option calls for a tough mission development schedule, this 
option might have the advantage that it includes a Japanese entity into the 
Apophis endeavor. Recent NASA and ESA missions (i.e. SMART-1) have shown 
that short development phases are possible, even when novel technology is to 
be developed. Houyi will be based on proven technology.  
 
2.3. Timeline of Main Events 
Although its name is not really inviting for a piggy-back mission, SOLO will be 
used as example for the mission design of Houyi.  
SOLO, or Solar Orbiter, is the planned ESA mission to observe the Sun’s surface 
and activities, to determine the properties and dynamics of the plasma and to 
characterize the Sun’s polar regions [ESA 2007j]. The craft will orbit the sun with 
increasing inclination (final 35 degree) [Lyngvi et al 2005] [ESA 2007i].  
Figures 3 shows the planned trajectory of SOLO as known to date and the 
position where a separation between SOLO and Houyi is proposed [ESA 2006].  
The proposed separation point is reached on September 22nd, 2016. The 
spacecrafts coordinates in ecliptic frame are indicated below: 
 
X= 0.71940 AU  Vx = -14.3064 km/s  
Y= 0.17701AU  Vy = 33.8114 km/s  
Z= -0.02424AU  Vz = 1.4306 km/s 
 

Figure 3: Orbit of SOLO [Adapted from ESA 
(2006)] 

Figure 4: Position of the SC on September 22nd, 
2016. 
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TABLE 2: Mission phases 
Date Mission Phases Description 

2009 Houyi System Study Mission development and study of 
technological solution and feasibility.  

2010 Houyi Development Development of the System’s components 

2013 AIT activities Testing of critical components (i.e. 
penetrator drop tests) 

May 2015 Launch with SOLO Soyuz-ST Fregat 2-1B from Kourou. 

 Earth Escape Escape Earth gravitational sphere into a 
heliocentric orbit towards Venus.  

Sep 2015 Houyi Drop Off Deployment of Houyi from the SOLO 
spacecraft at 0.75 AU and an inclination of 
2.711 deg. Houyi enters the orbit of Apophis 
but not the orbital plane. 

 Coasting to 
Rendezvous 

Using low-thrust electric propulsion transfer 
to spiral into Apophis supposed orbit. 

Jun 2016 Arrival at Apophis Optical sensors will be used to determine 
variations between Apophis theoretical orbit 
(= Houyi’s orbit) and the real orbit.  

Dec 2016 End of Orbital Study End of six month of visual study of the 
asteroid’s orbital variations.  

 
2.4. Orbit Requirements 
While the SOLO spacecraft will approach Houyi towards the Apophis orbit, its 
inclination and speed will call for several trajectory correction maneuvers to orient 
the spacecraft and match the eccentricity of the asteroid’s orbit. Figures 5 and 6 
indicate the spacecraft’s path, based on what is known to date on the SOLO orbit. 

 

 
 
 

 

Figure 5: Houyi reaching the orbit of Apophis Figure 6: Inclination into the Apophis orbital plane. 
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3. Tracking strategy 
The tracking strategy of Houyi will be based on our satellite following an orbit 
parallel to the calculated orbit of Apophis.  
Several tracking technologies were evaluated for this proposal, such as the 
deployment of a radio beacon onto the surface of the asteroid, or the installation 
of a sensor device on Apophis, which uses the starfield and sun to calculate its 
position in space. The advantage of the here proposed system is its simplicity in 
terms of sensor architecture. While it is proposed to deploy very simple 
penetration units onto the surface of Apophis (see section 4), the spacecraft itself 
does not need to be designed for a low-gravity landing operation (with the 
potential risks of losing the complete system). The determination of the exact 
Apophis orbit will be based on optical observations of differences in the predicted 
course of the asteroid.  

 
Figure 7: Houyi observes changes in Apophis calculated course to predict the exact course of the 
asteroid. 
The here proposed system will be a Technology Demonstration Mission, to 
develop and evaluate the possibility to track Potential Hazardous Objects that 
cross Earth’s orbit. Besides the fact that this system needs to face its 
technological challenge, it needs to be applicable to a large variety and number 
of NEOs and therefore be ideally low budget consuming (in order to allow large 
scale PHO campaigns in the future.)  
 
Houyi is a miniaturized simple observation satellite that can be set onto the track 
of potentially dangerous asteroids that cross Earth’s orbit. Its main payload are 
two imaging cameras that are directed laterally towards the asteroid. By image 
processing techniques, changes in the predicted path of Apophis can be 
detected.  
 
Ultra precision in pointing and image development can be reached even with 
micro-sattellite platforms as it can be seen in the following text on the MOST 
Microsatellite from Canada [SFl 2007b]: 
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The Humble Space Telescope 
“Until recently, performing optical astronomy experiments from a low-cost 
microsatellite (mass < 100 kg) was considered unfeasible because of the poor 
pointing possible from a platform with such small inertia (approx. ± 2°). In 1997, 
anticipating new microsat attitude control technology being developed by 
Dynacon Inc., a team of astronomers and aerospace engineers first proposed to 
the Canadian Space Agency (CSA) a project to obtain astronomical photometry 
of unprecedented precision from a microsatellite. In the next year, MOST 
(Microvariablity and Oscillations of STars / Microvariabilité et Oscillations 
STellaire) was selected to be Canada's first science microsat, as part of the CSA 
Small Payloads Program. Additional funding was provided by the Ontario 
Research and Development Challenge Fund, the Natural Sciences and 
Engineering Reseach Council (NSERC), the Ontario Centre for Research in 
Earth and Space Technology and the Universities of Toronto, British Columbia 
and Vienna. MOST features a small optical telescope (aperture = 15 cm) 
equipped with a CCD photometer designed to return unprecedented photometric 
precision (� L / L ~ 10-6) and frequency resolution (�� ~ 0.1 µHz) on stars other 
than the Sun. Given the fact that this instrument will be carried aboard a microsat 
bus about the size and mass of a suitcase, the Canadian public has come to 
know the MOST mission as the "Humble Space Telescope."” 
The results of this exciting experiment are reported in Walker et al (2003) and 
effectively prove the possibility to embark high precision optical systems onto 
micro-satellite platforms. The tracking architecture that is proposed for Apophis is 
therefore a combination of optical positioning with Sun sensors and star field 
sensors and observation of the target bodies displacement relative to the parallel 
course of Houyi. 

 
Figure 8: Path derivation of Apophis is detected via the optical instruments onboard.  
The tracking of the asteroid via observation from a neighbor orbit will limit the 
ground station requirements of the system. Theoretical it is possible that Houyi 
tracks Apophis’ course autonomously and only emits an alert signal when 
derivations appear. Again, such architecture would advantageous if a multitude 
of objects need to be watched with similar systems. A system, based on radio 
beacons will call for permanent surveillance from Earth where the course is 
calculated. Communication with Earth can be limited with Houyi to health check 
telemetry signals and, if necessary, alerts. 
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4. Spacecraft Design 

4.1. Overall architecture 
The Houyi system will consist of two main elements: the watchdog-satellite and a 
set of three penetrators that are judged important for Apophis’ case. 
The watchdog satellite is to insert itself into the Apophis’ calculated orbit and to 
measure the variations of the predicted orbit to the real one. The penetrators will 
be used to investigate the surface and sub-surface properties to determine the 
possibility to anchor future deflection devices to the asteroid. The following 
scheme shows the main components of Houyi.  
 

 
Figure 9: Main components of the Houyi system 
 
The envisioned spacecraft will need to be small to fit in the volume and mass 
budget of the proposed piggyback mission. An upper weight limit of 12 kg have 
been set which represents an increase of 7% of the total weight of SOLO and still 
allows the mission to keep its original mass allocation for the payload of 180 kg.  
 
The design of the penetrators is presented in detail in section 4. The following 
table provides an estimate of the overall masses of Houyi. It can be seen from 
these figures that Houyi does not respect the limit of 12 kg in its current, 
preliminary design. But optimization of the structure and some of the payload 
elements will bring the spacecraft close to or under the target weight. 
 

TABLE 3: Overall masses and power requirements of H ouyi 
Element Mass [kg] Power [Watt] 
Watchdog Satellite 13.0 7.5 
Penetrators (passive) 1.2 2.3 
Maturity Margin 20% 3.2  
Total 19.8  
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4.2. Satellite Architecture 
The CubeSat is a satellite concept developed by California Polytechnic State 
University and Stanford University in order to deliver to research organizations a 
cost efficient mean to develop their own miniature space projects. The concept 
quickly found an enormous feedback, since it enabled universities to train 
students in satellite engineering and space development. The homepage 
http://cubesat.atl.calpoly.edu/ references currently 113 different projects, based 
on CubeSat. Further links to CubeSat projects can be found at Thomson (2007). 
From a strict technical point of view, the CubeSat concept has only one 
advantage for Houyi compared to “classical” spacecraft design: the satellite and 
its payload is highly miniaturized due to philosophy of CubeSat and thus allow a 
piggy-back mission. But another aspect must be considered here. A modular 
design, based on the CubeSat philosophy, bears the possibility to develop Houyi 
by multinational (-student-) teams. The technological readiness study at the end 
of this section will show, that different universities have gained diverse 
experiences in this development field (in terms of propulsion, payload, thermal 
design for CubeSat). Spencer et al (2001) already identified the potential of 
CubeSat architectures for interplanetary and even asteroid missions, and the 
technological needs to reach such goal. Houyi would present an opportunity to 
foster this concept and to help to push the CubeSat further out into space than 
ever before, allowing student teams to participate in the project. Figure 10 shows 
a preliminary design of the Houyi spacecraft with its main elements. 

 
Figure 10: Main elements of the Houyi Watchdog Satellite 
[1] Low Gain Antenna                            [5] Propulsion System 
[2] Penetrator Launching Tubes (3x)    [6] CMOS Sun Sensor 
[3] Wide Angle APS Cameras (2x)       [7] Battery section with solar panel deployment mechanism 
[4] Star Tracker                                    [8] Controller Section 
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A modular architecture, based on the CubeSat philosophy is proposed for Houyi. 
The figure below shows the Houyi “exploded” into its different Cubes. 

 
Figure 11: The cubes of Houyi 

The solar panels will be deployed only after the piggy-back phase, when the 
Houyi separates from its host spacecraft. The figure below illustrates the 
deployment procedure and illustrates the overall size of the system compared to 
a host craft (In this case the Russian Phobos-Grunt mission, since dimensions 
were known here.) 

 
Figure 12: Deployment into the transit configuration and size comparison to Phobos-Grunt (upper 
right corner) 
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4.3. Navigation and Control (ADCS) 
Once separated from the host ship, Houyi will transfer towards an orbit that is 
parallel to Apophis theoretical orbit. The theoretical orbit is the trajectory that 
brings Apophis through the ‘Keyhole’ in 2029. The exact orbit of Apophis is 
derived by measuring the differences between the predicted (and programmed) 
orbit of the asteroid and optical measurements.  
In order to reach and maintain this orbit, Houyi will use the Sun sensor and a 
starfield sensor. The latter is also used to identify Apophis in distance 
[Kawaguchi et al 2006]. 
 

 
Figure 13: Houyi orbits parallel to Apophis and measures derivations from its predicted course. 
 
Transfer from the piggyback separation to the Apophis orbit 
The challenge of the development of Houyi will be the integration of the 
necessary sensor suites into the limited space and mass of the CubeSat class 
satellite. Houyi will therefore be limited to the sensors that are necessary to 
achieve and maintain its precise parallel orbit and to the sensors that are 
necessary to observe and derive Apophis exact orbit.  
After separation from the host craft, Houyi will use the sun sensors to determine 
its attitude and to orient itself towards the sun. Reaction wheels in the Tracking 
Cubes A and B will orient the system’s solar panels towards the sun. Micro 
reaction wheels, with dimensions of 20x20x15 mm3 and a weight of 150g that 
deliver an angular momentum of 1.5x10-4 Nms have been developed for 
CubeSat class satellites in the BeeSat project of the Technical University of 
Berlin [BeeSat 2007]. Sun sensors are available in various forms and sizes and 
are quite common in CubeSat projects. For the mars 2001 Surveyor Lander a 
lightweight system was developed weighting 18 gram for each element and 
achieving precisions to 0.18deg [Landis 2001]. Further miniature sun sensors 
that were used on CubeSat can be found at the CUTE Satellite project of the 
Tokyo Institute of Technology [Titech 2007]. The same institution also developed 



 Houyi  
Apophis Mission Design Competition 

 
 

 19 

a miniaturized Piezoelectric Vibrating Gyroscope weighting 1.0 gram and a 
sensitivity of 0.67mV per deg/s. 
 
Fine tuning of the position will be achieved by the star tracker on the rear of the 
satellite. References for star tracking devices on CubeSat spacecrafts can be 
found in Wells et al (2002) and Sarda et al (2006) where a monochrome imager 
with narrow-angle lenses of 14deg was used to determine the attitude by taking 
pictures of the moon, horizon and starts. The project was tested in the Canadian 
Advanced Nanospace Experiment in space.  
 
Apophis Rendezvous 
If the scenario of a hosted mission on the SOLO spacecraft is maintained, then 
Houyi will need to overcome the orbital distance between the separation point 
and the position of the asteroid. While approaching the asteroid, star tracking 
sensors can be used to do an early detection. Due to the course of Houyi, 
Apophis will point towards the sun and will therefore be brightly illuminated.  
Houyi will put itself in an parallel orbit, approximately 10 km from the asteroid’s 
surface. In this distance, two imagers with a field of view of 5.5dep will monitor 
the asteroid. The here chosen equipment’s specifications can be found in the 
NEA Technology Reference Study by Agnolon (2007). This camera is dedicated 
to observations in a distance between 5 and 20 km and uses an 1024x1024 APS 
detector. Changes in distance in respect to Houyi will be processed automatically 
via image processing onboard the system. While global mapping of Apophis is 
not possible due to the spacecraft static position towards Apophis, this 
configuration allows detection of changes to the asteroid’s theoretical path in a 
metrical scale for changes in the plane of the field of view (FOV) and in a scale of 
21 meters minimum in parallel to the FOV. The asteroid covers, in a distance of 
10 km, approximately half of the systems FOV. 
 

 
Figure 14: Two imagers onboard of Houyi observe differences in the asteroid’s path 
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Houyi will therefore set itself in a watch-dog configuration. It can then monitor its 
object of interest and ring alert only when changes appear. Such configuration 
would reduce communication with Earth to systematic checks of the satellites 
health status and therefore reduce the ground station requirements. In such 
manner it is potentially feasible to install many PHA with watch-dogs that ring 
alert when upon unpredicted changes to the asteroids. 
 
Following scheme depicts the control architecture of Houyi. 
 

 
Figure 15: Control Architecture of Houyi. 
 

4.4. Propulsion 
The requirement to equip Houyi with an adequate propulsion system to reach its 
destination is clearly the most critical driver in the CubeSat design. First off the 
spacecrafts mass and momentum is significantly reduced compared to classical 
interplanetary missions.  
To solve this problem, this concept is mainly based on the fact that Houyi is a 
piggy-back mission that “parasites” a classical interplanetary mission. By this, 
Houyi will reach a closer position to the asteroids orbit and profit from the velocity 
gained by the host craft. But the chance to find a host mission that carries the 
asteroid watchdog to close proximity of its target is low. Therefore the system still 
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needs to have a propulsion system, that enables it, together with the velocity 
already gained, to reach its destination.  
Several studies and experiments have been conducted on CubeSat to do simple 
maneuvers in Earth’s orbit. A study referenced here was done by the Space 
Flight Laboratory of the University of Toronto that aims to miniaturize electrical 
satellite thrusters [SFL 2007]. The development of a micro vacuum arc thruster 
system for a double CubeSat architecture (100x100x200 mm3) is described by 
Rysanek et al (2003). The Illinois Observing Nanosatellite (ION) hosts four 
Vacuum Arc Thruster heads with a thrust to power ratio of approximately  
10 � N/W. The system described in the paper of Rysanek has a size of only 
40x40x40 mm3 with a weight of 150g. The thruster solution that is proposed in 
this concept is based on a drastically reduced xenon ion thruster concept as it 
was used for the Hayabusa mission and planned for Planet-C. But the 
identification of an adapted miniaturized thruster concept for the transfer between 
the drop-off point from the host spacecraft and the asteroid is clearly one key 
point in the Houyi development. 
 

4.5. Power and Electrical Architecture 
The operation of Houyi will be in the proximity of the 1AU range by orbiting the 
sun with the spacecraft’s solar panels directed towards it. Since Houyi will not 
orbit around Apophis, no eclipses of the sun need to be taken into account. Houyi 
will nevertheless need a battery system in order to supply the craft during the 
piggy-back phase and solar panel deployment and as power buffer for power 
consuming phases such as maneuvers or penetrator deployment. Figure 16 
below illustrates the Electrical Power Subsystems of Houyi. Its main component 
will be the spacecraft’s four solar panels. The here proposed technology are 
light-weight, thin-film Gallium Arsenide panels developed by Dutch Space [Dutch 
Space 2007].  

 
Figure 16: Electrical Power Subsystems of Houyi [Fortescue et al 2003]: 
[1] four GaAs high performance Solar panels        [3] Lithium Ion Battery packs 
[2] Solar panel deployment mechanism 
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While Houyi will be powered by the solar power from the panels during the 
nominal operation (observation phase), its functionality will rely on the batteries 
during the transfer maneuvers and solar panel deployment. The battery 
technology will therefore primordial for the survival of the spacecraft and the 
batteries must inhibit a high power-to-mass ratio, a high power-to-volume ratio 
and the capability to store the energy over long periods of time 
 
Following table gives an overview on the characteristic of different battery 
technologies [Spiga 2006] 
 
TABLE 4: Potential battery technologies for CubeSat  class satellites.  
Technology NiCd NiMH Li-Ion Li-Metal 
Nominal Voltage  
[V] 

1.2 1.25 3.6 3.0 

Gravimetric Energy 
Density [Wh / kg] 

45 55 100+ 140+ 

Volumetric Energy 
Density [Wh / l] 

150 180 225+ 300+ 

Self-Discharge rate [% 
month] 

25 20-25 8 1-2 

Temperature Range 
[ºC] 

0 - 50 -10 - 50 -10 - 50 -30 - 55 

 
Maturity of the technology and the necessary charging technology are further 
aspects of the choice of technology. Most promising technologies are based on 
Lithium electrodes even though this technology exhibits challenges for the 
recharging process [Dudley and Verniolle 1997]. For Houyi a solution on Lithium-
Ion batteries is proposed, while the penetrators will be supplied by Lithium Metal 
batteries due to their advantageous energy density and low discharge rate. 
 
Table below gives the estimated power consumption for the spacecraft’s 
elements during the three mission phases (Safe-Hold-Sleep; Maneuver; Observe) 
 
TABLE 5: Estimated power budget.  
Element Sleep Modus 

(Piggy backed) 
Maneuver Observe 

Controller & house 
holding 

0.01 W 0.1 W 0.1 W 

Propulsion -- 5 W* -- 
Surveillance -- -- 1.8 W  
ADCS -- 0.9 W 0.9 W 
Communications -- 1.5 W 1.5 W 
TOTAL 0.01 W 7.5 W 4.3 W 
Supply Battery Battery Solar Panel 
Available 87 Wh 13 Wh 5.08 Wh 
* dependant on final propulsion type and maneuver (ARC assumed here) 
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4.6. Thermal Control System 
Thermal control will be critical in the Houyi development, since the spacecraft will 
maintain its orientation towards the sun during the operational phase. While this 
mission design bears the advantage, that the solar irradiance will be constant at 
maximum, it calls for techniques to dissipate the heat from the heating forefront 
towards the rear of the satellite. Following table indicates some typical 
temperature ranges for the spacecraft components [ITSI 2007]. 
 

TABLE 6: Temperature ranges  
Component Temperature Range (Cº) 
Batteries -40 to 60 
Other electronics -20 to 60 
Attitude control devices -40 to 85 
Instruments 5 to 40 
Propulsion system -55 to 125 
Solar panels -85 to 100 

 
In order to assure the functionality of the system, and also to assure that the 
solar panels work in optimal working conditions [Fortescue et al 2003], thermal 
management must be included into Houyi 
Since Houyi is limited in energy supply, space and weight, thermal control will be 
provided primarily through passive devices. Back surface reflectors behind the 
thin-film solar panels will assure that a maximum of energy is converted into 
electrical energy. Thermal coatings and tapes will be used on the craft’s skin to 
keep the temperature of the structure and its elements in acceptable ranges. But 
condition paths need to be designed to transfer the heat from the frontal parts to 
the rear where heat is needed. Special care needs to be taken between the joint 
parts of the cubes in vacuum environment. Heat pipes traversing the spacecraft 
and even active elements such as liquid circuits and heaters can be used, where 
the passive means are not sufficient.  
 

 
Figure 17: Houyi’s orbit will call for thermal management techniques to avoid overheating 
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4.7. Heritage and Technology Readiness Level (Satel lite) 
Houyi’s design based on the CubeSat class satellite allows the mission to profit 
from various projects that are led by university teams all over the world in this 
field. Houyi would be a platform to foster this research into one interplanetary 
mission, to qualify the Cubesat concept for outer space and to profit from the 
resources and motivation of student teams.  
To develop a micro-spacecraft is not a drawback in this case, since it bears 
undeniable advantages in terms of budget for such mission (try to sell a multi-
hundred-million dollar mission for each PHA out there to our governments). Two 
drawbacks nevertheless exist for such concept: a) How to reach so far out into 
space with so little place for propulsion? and b) the need of miniaturization of the 
payload package onboard. The first concern is addressed by the here proposed 
concept of piggy-backing Houyi onto a large-scale planetary mission. Such 
missions exist for the scenario with Apophis, such mission will also exist later for 
the case of other NEOs. The miniaturization of the necessary payload and 
propulsion will be evaluated here in the following hardware technology readiness 
matrix. This shall illustrate which developments are still needed and moreover 
who are the teams and references to be considered for its development. 
 
TABLE 6: Hardware matrix for Houyi (satellite only)  
Component TRL Dev. Stat. Heritage Pot. Supplier(s) 
ADCS     
Sun Sensor 8 C CUTE � Tokyo Institute of 

Technology 
� Officini Galileo 

Star Tracker 8 C CUTE � Tokyo Institute of 
Technology 
� DTU 

Surveillance     
APS Imager 
 

8 C Dawn 
MOST 

� Max-Planck-Institut für 
Sonnensystemforschung 
� DLR 
�  University of Toronto  

EPS     
Li-Ion batteries 
 

9 A  �  Off the shell 

Solar Panels 
 

5 C DELPHI 
C3 

Cubesat 

�  Dutch Space 
�  Delft University of 
Technology  

Propulsion      
�  Thrusters 
 

3 D Can X-2 
ION 

�  University of Toronto 
�  University of Illinois 

�  Reaction Wheel  
 

6 C BeeSat �  Technical University 
Berlin 

Structure CubeSat 
 

9 A  �  see 
http://cubesat.atl.calpoly.edu/ 

Therm. Mgm. 
devices 

8 D  TBD 
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5. In-Situ Analysis Strategy  

5.1. The Need to Analyze Apophis before 2029 
Past missions to asteroids like Hayabusa, NEAR Shoemaker and Giotto allowed 
the determination of the abundance and surface distribution of many geologically 
elements on such bodies [Trombka et al. 2000] [Bell and Mitton 2002]. 
Furthermore, it was possible to gain important insights on the surface 
morphology of asteroids that confirmed partly the theory, that asteroids are low 
density bodies with a high porous internal structure [Mukai et al 2007]. But the 
sampled bodies are rather large representatives of the asteroid family compared 
to Apophis whose internal composition is unknown while such information would 
be elemental for any deflection strategy.  
 
A mission to Apophis will bear the opportunity to do a simple seismic experiment 
that will help to unravel the internal morphology of this body. Its data, might be of 
primordial importance if ever Apophis turns out to be a danger for Earth and 
suitable counter-measures needs to be designed.  
The next chance to do such experiment might be only in 2029. 
 
If Apophis turns out to be a danger for Earth in 2036, any deflection action must 
be taken at or before 2029 to profit from the low momentum necessary to make 
Apophis miss the 2029 keyhole [Schweickart et al 2007]. But in order to be 
capable to deploy and anchor a deflection mission before 2029, the inner 
structure and overall structural strength of the asteroid must be known, to avoid 
detonating Apophis into pieces and creating not one, but multiple impacts.  
 
It is therefore proposed to do an in-situ analysis of Apophis to clarify certain key 
questions concerning this body and eventual later counter measures: 

o Strength, stratigraphy and density of the surface material 

o Density of the interior 

o Thermal properties of the surface 

o Impact history and surface morphology 

o Determine mass and the center of gravity 
 

It is clear that a more detailed analysis, like the exact mineral composition of the 
surface, would be highly valuable. But the integration of the necessary equipment 
would require too much space and mass and does therefore not fit into the here 
proposed spacecraft architecture. The scientific payload on the mission that is 
proposed here is limited to instruments that help to determine the structure and 
morphology of Apophis for future deflection actions.  
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In order to achieve this goal, it is proposed to deploy three miniaturized 
penetrometers equipped with cameras and seismic sensors onto the surface of 
Apophis. The here presented choice of rather simple impactors type probes and 
not a landing type probe with dedicated sampling mechanism is based on a 
highly restricted mission budget to keep this mission feasible before 2017.  
Furthermore, it is likely that such a miniaturized probe will not alter the trajectory 
of Apophis in worsening the situation. 
 
The impact that such penetrator would have on a body like Apophis is unknown 
to date. But data analysis of the Hayabusa mission indicates that the impact of a 
small body could provoke a seismic shock throughout the asteroid due to the low 
gravity of the surface [Ciel&Espace 2007]. Such effect could then allow an 
analysis of the deeper core of the asteroid. 
 
 

5.2. The Analysis Strategy 
The mission proposed here will deploy three identical probes on the surface of 
Apophis. The probes will house three cameras, a penetrator and a 3-axis 
seismometer based on MEMS technology. Each probe has a weight of 
approximately 400 gram.  
 
The probes will be launched from the spacecraft in short distances of time by 
either short impulses of a proper propulsion system or a spring mechanism. The 
camera onboard the probe will take pictures of the surface until and possibly after 
impact. Those pictures will show the surface morphology of the asteroid, its 
impact history and also help to raise the public interest in the subject. 
 
During the impact, the core’s deceleration and penetration depth will be 
measured by the accelerometers in the impactor’s head. This data will deliver 
information such as strength, density and existence of layers about the first 100 
mm of the soil.  
The three probes will be launched onto the same side of Apophis. But a slight 
variation in the launching angle will vary the landing positions. After the landing of 
probe A it will listen to the impact of probe B and later the impact of probe C. This 
procedure will deliver three active seismic profiles to determine deeper layering 
in the asteroid.  
 
In a second option, if an actively propelled probe is to be developed, a further 
signal could be created by igniting the remaining propellant in each probe, which 
will hammer the system against the surface. 
After this stage, all probes can remain passively listening to any activity in the 
body interior (put onto standby until it enters the gravity field of Earth). 
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Figure 18: The impacts of the probes will deliver three seismic wave graphs that will help to 
determine the internal structure of Apophis. 

5.3. System Architecture 
Figure 19 shows the overall preliminary architecture of such probe. The system 
can be separated into four compartments: a) The seismic head with 3 MEM 
accelerometers, b) the electronic compartment, the battery section and camera 
and the optics to deliver a panoramic picture of the surface. In the case of an 
active propulsion system (not shown here) another solution for the optics needs 
to be developed.  
The imaging system proposed here will deliver a panoramic picture of the 
surrounding environment by the use of a mirror at the rear end.  
 

Figure 19: The internal structure of the three penetrators 
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5.4. Penetrometry and Seismic Analysis 
The heart of the penetration system will be the seismic head. The seismic 
sensors in the penetrator head are based on MEMS technology [Pike et al 2005]. 
Figure 20 shows the internal architecture of the penetrator. The three MEMS are 
arranged each in one axis. The design of these probes was proposed by JPL for 
the canceled NETLANDER mission. 
 

 
Figure 20: The probe’s head includes the seismic sensor with MEM 
accelerometers.[Pike et al 2005] 

 

5.5. Heritage and Technology Readiness Level ( � -Penetrator) 
 
TABLE 7: Hardware matrix for the penetrators  
Component TRL Dev. Stat.  Heritage Pot. Supplier(s) 
Micro Cameras & 
optics 

8 D CUTE � Max-Planck-Institut für 
Sonnensystemforschung 
� DLR 
� Galileo Avionica 

Seismometer 7 C Netlander �  CNRS 
�  JPL 

Structure  
 

7 C Huygens 
Rosetta 

�  Open University  
�  CASA 
�  Astrium  

 



 Houyi  
Apophis Mission Design Competition 

 
 

 29 

6. Mission Costs  
The proposed way to keep the cost in check is through commercial/university 
cooperative and agencies support.  Although the cost estimate here did not 
original from a full bottom-up Cost Estimating Relationships (CERs) exercise, the 
estimates are scaled from other systems that have been flown to get a ROM cost.  
A work breakdown structure is still included to illustrate the packages that would 
eventually need costing individually for a more comprehensive estimate. 
 

6.1. Work Breakdown Structure 
 

 
Figure 21: Work breakdown structure of the Houyi project. 

 
Assumptions used in the following cost estimate for the HouYi program are as 
follows: 

·  Preliminary weight estimations for the various subsystems 
·  Without clear data about sensors’ cost and detail design, the Penetrators 

are considered as the spacecraft instrument payload package and is 
scaled to be 40% the spacecraft total cost as suggested in the CERs table 

·  To reflect the fact that the program will be run through institutions and 
universities collaboration, all program, integration and operation costs 
have been scaled to ¼ of the ones calculated by the CERs. 

·  All subsystem figures have been scaled with inflation factor (2000/2007) 
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 HouYi 2007USD$K 
   
1 Mission Engineering - Systems and Operations  
   
2 Spacecraft Segments  
2.1 Stationing Watchdog (Structure) 474 
2.2 Power Subsystem  2167 
2.3 Thermal Control 403 
2.4 Attitude Determination and Control 3717 
2.5 On-Board Computer 834 
2.6 Telecommunications 615 
2.7 Propulsion 205 
2.8 System Cable Harness 84 
2.9 Operations Management and Control Software 425 
   
3 Penetrators 3570 
3.1 Mechanical Design and Hardware  
3.2 Telecommunications  
3.3 Sensors  
   
4 System AITV 434 
   
5 Program Management 715 
   
6 Launch Cost 250 
   
7 Ground and Operations Support 397 
   
8 SC operations (Phase E) per 5 year 198 
   
 Subtotal 14489 
   
 Total with 10% margin (B+C+D+E) 16099  

 
Comparing to mission of similar space vehicle size, e.g. MOST micro-satellite 
from Space Flight Laboratory (www.utias-sfl.net) which is a program that cost 
10M USD, the estimate for Houyi of 16 millions is in the same order of magnitude.  
On the other end of comparing to program with similar mission objectives, e.g. 
JAXA Hayabusa probe which is a program that cost 100M USD, Houyi will be a 
much smaller spacecraft and will depend on piggybacking transport by another 
vehicle. 
 
Using a small-satellite cost model software will likely derive a much more reliable 
cost estimate as the design becomes more complete to provide the necessary 
data input to the model. 
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7. Team expertise 
The Team behind Houyi is constituted of space enthusiasts from two different 
universities in Hong Kong.  
 
The group has a strong expertise in the development of miniaturized sampling 
technologies for space applications. Those include the sampling system of the 
ESA Beagle2 lander and the Space-Forceps that flew on MIR. Currently, 
members of this group are working on the sample preparation and distribution 
system that is intended to fly on the Russian Phobos-Grunt mission in 2009. 
Other works include a down hole-sampling and hammering head for drills into 
soil up to two meters (potentially ExoMars of ESA) and a sampling system 
proposal for the Chinese Chang’E rover mission to the Moon.  
 
But the biggest asset in this team is the strong enthusiasm to push forward 
mankind’s borders into space. 

7.1 Team members 

 
P. Weiss  

 

Peter is currently pursuing his PhD at the Hong Kong 
Polytechnic University where he develops a novel 
concept for planetary sampling systems. His special field 
of interest is miniaturization of mechatronic devices for 
application in hostile environments. 
Before returning to student life, he was working five years 
for the French company Cybérnetix in Marseilles, in the 
field of sub-sea robotics. During his studies he had the 
chance to work as visiting researcher at the Deutsches  

Peter likes planetary surfaces. 
Zentrum für Luft- und Raumfahrt (DLR) in the Institute for Robotics and 
Mechatronics (Prof. G. Hirzinger) and at the Massachusetts Institute of 
Technology (MIT) in the Field and Space Robotics Laboratory  
(Prof. S. Dubowsky). These works lead to four patents mainly in technical 
solutions for robotics and mechatronics in hostile environments. Peter is married 
and has one daughter. 
 
For the Houyi project he will act as Project Manager and contact person under 
the following address: 

Hong Kong Polytechnic University 
Peter WEISS (peter.weiss@polyu.edu.hk) 
Department of Industrial and Systems Engineering (ISE) 
Room DE 406 
Tel: (852)65489334 (mobile) 
Fax: (852)23625267 
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W. Leung  
 

 

Winnie S.W. Leung is a PhD candidate at the 
Automation Technology Center at the Hong Kong 
University of Science and Technology.  Prior to the 
PhD study, she worked in the Controls and Analysis 
Group on Rover concepts design and development at 
MDA Space Missions, Brampton, Canada. She 
received her B.A.Sc in Systems Design Engineering 
with international and mechatronic option at the 
University of Waterloo, and her M.A.Sc in spacecraft 
attitude estimation and control from University of 
Toronto Institute for Aerospace Studies.  Her current 
research focus is motion control optimization for high-
speed manufacturing machines. From Canada to Space ! 
 
Dr. T.C. Ng 
 

 

Dr. Ng is the head of our group working on space 
projects and the project manager of the projects 
mentioned above. He is fellow of the Hong Kong 
Polytechnic University and a professional dentist  
-certainly the first dentist who brought his 
instruments to Mars-. 
His passion for space goes back over 20 years and 
he has an impressive track record of space 
projects. He acted as advisor and spiritual guide in 
the Houyi project. 

Mars has its own dentist. 
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8. Conclusions  
A micro-satellite mission towards the Apophis asteroid is proposed in response to 
the Apophis Mission Design Competition. 
 
This proposal showed that the miniaturized technology necessary for such an 
interplanetary surveillance mission has reached for most components maturity 
stage. The concept that is proposed here is not to launch such satellite from 
Earth towards the Apophis orbit, since this would call for a larger system and 
consequently for a larger budget. The here suggested concept is to piggy-back a 
very small satellite onto the ESA SOLO mission, which was identified out of a 
number of future missions, in order to bring the satellite in proximity of the 
asteroid’s orbit. 
 
This mission is a Technology Demonstrator to approve the technology which is 
necessary to track potentially hazardous asteroids in Earth’s orbit. By its degree 
of miniaturization, and its modularity, the Houyi can be applied to many different 
host platforms and offers therefore a potential future solution to the problem of 
asteroid tracking. Many Houyis could be brought into such orbits by future larger 
interplanetary space probes. Hundreds of such potential dangers to mankind and 
Earth are discovered every year. A very cheap and versatile solution will be 
needed in order to set a surveillance system only on a fraction of those. A large, 
expensive asteroid tracker will not accomplish this job, if a big number of such 
systems is needed.  
 
Furthermore we tried to stress the potential of micro-satellites and the 
development of miniaturized payload all over the world in this field. Our team, 
itself has not a specific expertise in the development of satellite systems. But we 
would like to advocate for the CubeSat community, where thousands of students 
work every day to develop smaller payload for their universities satellites. One 
should profit and use this potential, build an international consortium out of this 
resource and let those people develop a mini-spacecraft that will go out farer into 
space than any CubeSat before. The here proposed modular architecture of 
Houyi allows such endeavor. Successful missions with CubeSats show that such 
groups can do serious work, as serious as large industrial groups. But for less 
money. If national governments approve a mission that costs “several hundreds 
millions of dollars to launch” to sent to Apophis, who guarantees that they will 
spend the same for 1994 WR12, 2004 XV130, 1979 XB, 2000 SG344, 2006 
QV89, 2007 FT3, … ? 
 
Houyi is a piggybacked miniaturized sentinel for mankind in outer space, strictly 
reduced to the task of following its NEO target and determine its path. 
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