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Achievements
in Space Robotics

Expanding the Horizons
of Service and Exploration

BY KAZUYA YOSHIDA

Outer space is an ultimate field for the application of
robotics technology. As outer space is a harsh envi-
ronment with extreme temperatures, vacuum, ra-
diation, gravity, and great distances, human access
is very difficult and hazardous and is therefore

limited. To assist human activities in space for constructing and
maintaining space modules and structures, robotic manipulators
have been playing essential roles in orbital operations. Moreover,
expanding the horizons of exploration beyond the areas of
human access, robots that land and travel on planetary surfaces
have been greatly contributing to our knowledge of the solar sys-
tem. New challenges are expected in the future.

This article consists of three parts. In the first part, the
achievements of orbital robotics technology in the last decade are
reviewed, highlighting the Engineering Test Satellite (ETS-VII)
and Orbital Express flight demonstrations. In the second part,
some of the selected topics of planetary robotics from the field
robotics research point of view are described. Recent achieve-
ments in the author�s laboratory are added as an illustrative exam-
ple. Finally, technological challenges to asteroid robotics are
discussed. When designing a robot to explore the surface of an
asteroid, microgravity raises an interesting problem of how to
stick and move on the surface. Some ideas to address these ques-
tions are introduced.

Orbital Robotics
Ideas to assemble space structures by a flying robot in orbit or to
conduct servicing missions to existing satellites have been dis-
cussed since the 1980s. Figure 1 is an illustration describing the
robotic assembling of a space structure, which was published in a
National Aeronautics and Space Administration (NASA) report
in 1983 [1]. One attractive scenario was to build a space station
using teleoperated or autonomous free-flying robots. In reality,
the current International Space Station (ISS) has not been con-
structed by such free-flying robots but by many hours of human
extravehicular activities (EVA) with the assistance of Shuttle
Remote Manipulator System (SRMS, Canadarm) and Space
Station Remote Manipulator System (SSRMS, Canadarm2).

Another important scenario for an orbital free-flying space
robot is to retrieve and dock with an existing satellite in orbit
and then conduct servicing tasks. Such tasks include replacing
components, resupplying expendables, refueling propellants
and repairing, rescuing, and reorbiting the satellite. These
servicing scenarios have been receiving the researcher�s atten-
tion because of their potential for flexible operation of satel-
lites, including the extension of mission life and the orbital
transfer at the end of life.

Space Debris
Space debris has become a growing concern in recent years.
Collisions at orbital velocities can be highly damaging to func-
tional satellites and can also produce even more space debris.
Space debris is now a serious hazard to astronauts in the ISS,
and therefore, the ISS is armored to mitigate damage from
collisions of small-size (less than 1 cm) debris, and it occasion-
ally makes collision-avoidance maneuvers for larger-size (more
than 10 cm) debris. Recently, there was a major collisionDigital Object Identifier 10.1109/MRA.2009.934818
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between a deactivated Kosmos 2251 and an operational
Iridium 33 on 10 February 2009. The relative speed of impact
was more than 10 km/s, and both satellites were destroyed,
creating and scattering a considerable amount of new debris.
After that event, the Space Shuttle and ISS have had increased
numbers of warnings and avoidance maneuvers.

To mitigate the generation of additional debris, various
measures have been proposed. One straightforward idea is to
remove the satellites out of orbit at the end of their operational
life. Ideally, each satellite could conduct controlled deorbit at
the end of its life, which is sometimes impractical. Rolling out
an electrodynamic tether from a spacecraft is one idea to pull
down the orbit. But another more promising idea is robotic
reorbit (and not deorbit). The robotic reorbit can work to
slightly pull down the orbit for the satellites in low Earth orbit
(LEO) and also to push the satellite up to a so-called graveyard
orbit for the satellites in geosynchronous Earth orbit (GEO). It
can also work to change the orbital plane if there is enough
propulsion capability in the robot. Furthermore, a satellite that
happens to be in an unexpected orbit due to an anomaly of a
launch vehicle or an orbital transfer system could be rescued by
transferring it into a proper orbit.

Although the importance of such retrieval, reorbit, or res-
cue missions has been well understood for more than a couple
of decade, the opportunities for in-flight technology demon-
stration are limited. The ETS-VII mission (Orihime and
Hikoboshi) conducted by National Space Development
Agency of Japan (NASDA) in 1997–1999 [2]–[18] and Orbital
Express mission conducted by Defense Advanced Research
Projects Agency (DARPA) and Boeing in 2007 [19], [20] are
two outstanding examples.

Engineering Test Satellite
ETS-VII (Figure 2) is an unmanned spacecraft that is equipped
with a 2-m long, six-degree of freedom (6-DoF) manipulator
arm. It was developed and launched by NASDA (currently
JAXA) in November 1997. The mission objective of ETS-VII
was to test free-flying robotics technology and demonstrate its
utility in unmanned orbital operation and servicing tasks. The
mission consisted of two subtasks: autonomous rendezvous/
docking (RVD) and robot (RBT) experiments.

For the RVD experiments, the ETS-VII was separated into
two pieces of satellites in orbit. The major piece was named
Hikoboshi (a prince in a Japanese classical tale) and performed as
a chaser. The smaller piece was named Orihime (a princess in
the tale) and acted as a target. Both R-bar and V-bar approach-
ing and docking scenarios were conducted successfully using
the global positioning system (GPS) [3], rendezvous laser radar
(RVR) [4], vision-based proximity sensor (PXS), and onboard
autonomy [5]. The know-hows for the sensor-based rendez-
vous control (particularly for the R-bar approach) are applied to
the guidance-control system of H-II Transfer Vehicle (HTV)
for unmanned cargo-supplying mission to the ISS [6].

The RBTexperiments using the onboard 6-DoF manipu-
lator arm were conducted during a two-year period by many
organizations including NASDA [2], [7]–[9], National Aero-
space Laboratory (NAL) [10], Electrotechnical Laboratory

(ETL) [11], Communication Research Laboratory (CRL) [12],
European Space Agency (ESA) [13], Deutsches Zentrum f ur
Luft- und Raumfahrt (DLR) (a German aerospace center) [14],
Tohoku University [15]–[17], Tokyo Institute of Technology
[18], and Kyoto University [19].

The experiments include the following items.
1) Remote surface observation of the satellite was conducted

using video cameras attached at the shoulder and hand of
the manipulator arm.

2) Exchange of an orbital replacement unit (ORU) was
conducted by using the manipulator arm under teleoper-
ation from the ground (Tsukuba Space Center, Japan).
The teleoperation was conducted via Tracking and Data
Relay Satellite (TDRS) in GEO. ETS-VII orbits in LEO
at 550 km altitude. A direct communication time
window from a single ground station is limited, and each
communication time period is about 10 min at most.
But, a TDRS link ensures communication in every orbit
and extends the window length up to 40 min. However,

Figure 1. A free-flying space robot (telerobotic servicer)
discussed in the Automation, Robotics, and Machine
Intelligence Systems (ARAMIS) report [1].

(a) (b)

Figure 2. Japanese Engineering Test Satellite (ETS-VII):
(a) Orihime and (b) Hikoboshi. (Courtesy of Space Robotics
Lab, Tohoku University.)
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it requires a much longer path for the signal transmission,
and so the time delay in the round-trip communication
was 5–7 s.

3) The ORU has connectors for electric connection and
fuel transfer. Signal transmission and fuel (water) trans-
fer between the main satellite and ORU were success-
fully demonstrated.

4) The main satellite is equipped with a task board to test
the dexterity of the manipulator arm. Using the task
board, the compliance and force controls of the arm
were successfully demonstrated to follow a curved sur-
face and insert a peg in a hole by onboard feedback
control, based on a force/torque sensor at the wrist of
the arm. Capture of a floating ball was also successful
using onboard vision.

5) To assist the ground-based teleoperation with 5–7 s of
time delay, two major approaches were tested. One is a
model-based assistance system to predict the motion of
the arm and display the predicted motion in real time.
In this approach, not only the kinematic display but also
the virtual force reflection to the operator through a
haptic device was verified to be effective in surface-fol-
lowing and peg-in-hole tasks [15]. The other is bilateral
force feedback control. With proper selection of the
force feedback gains, stable force feedback control was
successfully achieved against such a large time delay and
confirmed to be more effective than conventional
move-and-wait type of teleoperation (or unilateral force
control) in surface-following and peg-in-hole tasks [19].

6) Practical tasks such as handling a flexible wire and solar
cell sheet, mating and demating of an electric connector,
fastening a bolt, extracting a deployable truss mecha-
nism, connecting truss joints, assembling predefined
components, and tightening the latches were also suc-
cessfully demonstrated via teleoperation and/or autono-
mously [10]–[12].

7) For a free-flying space robot, dynamic coupling between
manipulator reaction and base satellite attitude is also an
important issue. To this problem, two approaches were

tested. One is the coordinated control in which manipu-
lator reaction is feedforwarded to the attitude control
system [8]. The other is the reactionless manipulation in
which the manipulator arm moves on a specific path of
no reaction onto the base. Both methods were success-
fully demonstrated [16], [17].

8) Demate and mate (berthing) operation of the target
satellite Orihime was conducted by the manipulator
arm. For this and the following experiments, a hand-
rail type of fixture was attached on Orihime together
with an optical cue marker.

9) Autonomous chasing and capturing operation of Ori-
hime was conducted. For safety reasons, Orihime was
freely floating inside the open space made by partially
released docking mechanisms (mechanical jaws).
Onboard visual feedback tracking was conducted using
the optical marker on Orihime, and the autonomous
capture of the floating target was successful [9].

Orbital Express
The Orbital Express is a DARPA program developed to validate
the technical feasibility of a safe and cost-effective approach to
autonomous satellite servicing in orbit [20]. The system consists
of an Autonomous Space Transport Robotic Operations
(ASTRO) vehicle, developed by Boeing Integrated Defense
Systems, and a prototype modular next-generation serviceable
satellite, NextSat, developed by Ball Aerospace & Technologies
Corp. The ASTRO vehicle is equipped with a 3-m long robotic
arm to perform satellite capture and ORU exchange operations
(Figure 3). The arm was developed by MacDonald, Dettwiler
and Associates Ltd., Canada.

After its launch in March 2007, various mission scenarios
had been conducted until early July. The demonstrated technol-
ogies and scenarios are similar to those of ETS-VII such as 1),
2), 3), 8), and 9) listed earlier, but their autonomy is more high-
lighted [21]. As a remarkable advancement, Orbital Express
conducted a sequence of practical subtask scenarios completely
autonomously. First, ASTRO was separated from NextSat to a
distance of 7 km, and then ASTRO returned and performed a
forced motion for fly-around inspection. After that, ASTRO
approached within 1 m of NextSat, reached out with the
robotic arm, grappled, and then berthed with it. After successful
mating, propellant transfer and battery and computer ORU
transfers were performed.

In both missions, autonomous docking and manipulator
capturing/berthing were conducted with a stabilized and
cooperative target. Here, cooperative means that the target is
equipped with a dedicated fixture to be grasped securely and
optical marks to be detected by the chaser. However, in practi-
cal cases, unstabilized or noncooperative targets may need to
be handled, which requires a higher level of technology.

For the issue of the cooperative target fixture, one feasible
idea that has been studied for many years is to hold the nozzle
cone of an apogee kick motor engine, which is a common
structure in GEO satellites [22], [23]. On the other hand, if the
target is in a tumbling motion, the problem becomes more diffi-
cult. First of all, the chaser arm must carefully follow the moving

(a) (b)

Figure 3. Orbital Express: (a) ASTRO and (b) NextSat. (Courtesy
of Boeing/DARPA.)
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target. If there is residual relative velocity between the grappling
point and the gripper at the time of contact, impact forces will
occur, which can dramatically change the motion of the
tumbling target. Also, sophisticated control is necessary to
accommodate the angular momentum of the target even after a
successful capture. This requires comprehensive momentum
management throughout the entire process from approach to
postcontact stabilization [24], [25].

Planetary Robotics
For the exploration of the moon and other planets, robots have
been contributing to expand the frontier of scientific knowledge
and human access. The first robot that traveled on the surface of
extraterrestrial body was Lunokhod (1970), developed by for-
mer Soviet Union. It was remotely operated from Earth and
traversed more than 10.5 km on the moon. The following
Lunokhod-2 (1973) was also successful in 37 km of teleoperated
traversal. On the other hand, the Lunar Roving Vehicle (LRV)
or moon buggy was used in the NASA�s Apollo program (Apollo
15, 16, and 17, during 1971–1972). The moon buggy was an
electrically driven four-wheel cart that can carry two astronauts
and can be manually driven like a golf cart. It was useful to
expand the area of human expedition from the landing sites.

As for the exploration of Mars, the first successful landers
are NASA�s Viking 1 and 2 (landed 1976). Although they were
static landers, they have a robotic arm to collect soil samples
and conduct in situ analysis. A recent mission, NASA�s Phoe-
nix lander, was also successful in landing at the Martian arctic
region. It is equipped with a 2.4-m long, 4-DoF manipulator
arm that has the capability of carrying out dexterous tasks to
interact with the terrain, such as digging, scraping, and sample
acquisition [26]. In situ analysis of the soils confirmed the exis-
tence of water ice at present, and a possibly warmer and water-
rich climate in the past was strongly suggested.

As for mobile robots (rovers) on Mars, the Sojourner rover
in the Mars Pathfinder mission (1997) and Sprit and Opportu-
nity in Mars Exploration Rover (MER) mission (2004–2009,
see Figure 4) have had remarkable success. The benefits of
mobility in remote exploration mission have been strongly
highlighted in these missions with rich scientific returns. The
ESA�s ExoMars mission should be added as a planned rover mis-
sion. From a robotics technology point of view, interesting
issues are the design of mobility mechanisms and the algorithms
for navigation control in natural rough terrain. In particular, the
wheel slip and traction issue in a loose soil environment were
highlighted by Opportunity during exploration of Meridiani
Planum. In late April 2005, Opportunity got stuck in a soft sand
dune (named Purgatory Dune), and due to significant wheel
slip, it took many weeks until it finally got back onto firm
ground in early June 2005 [27]. Wheel slippage also degrades
the accuracy of odometric measurement of the vehicle, and
improved methods for robot odometry have been developed.

Phoenix and ExoMars missions will be elaborated in this
issue. This article provides a short review of wheeled robots for
surface locomotion, with highlights on the technologies for
environment mapping, odometric measurement, and slip and
traction control.

Mapping
Topographic mapping of the environment is the first step before a
rover starts the traverse of an unknown field. MERs mount two
stereo imaging systems on a camera bar of the rover mast. One is a
panoramic camera (Pancam) dedicated to the mapping of
medium-to-far objects in panoramic images. The other is a navi-
gation camera (Navcam) with a best focus at 1 m with a field of
view (FoV) of 45�. These stereo cameras were successfully used to
obtain detailed three-dimensional (3-D) maps around the rover,
and a number of techniques have been developed and applied to
integrate multiple patches of maps and construct augmented maps
of the environment traversed by the rover [28]–[30].

On the other hand, in the research community of mobile
robots, direct measurement of ranging data using laser ranging
finder (LRF) or laser imaging detection and ranging (LIDAR) is
getting to be a common method along with the improvement of
these hardware devices in terms of ranging distance and reliability
of measurements. Mechanically moving parts, such as scanning
mechanisms of the laser spot, have been considered less robust
against launch vibrations and landing shocks. In addition, mass
and power requirements and limitations of computational speed
are the issues in current space-qualified LIDARs. Recently, com-
pact and durable commercial LIDAR products have been devel-
oped and are used in various ground applications. For example,
SICK laser sensing systems were used as a primary sensor in suc-
cessful vehicles that completed the DARPA Grand Challenge
2005 mission of high-speed rough-terrain traversal [31]. As a
compact model example, the Hokuyo URG (UTM-30LX) sen-
sor weighs 370 g and consumes 8.5 W, yet has 30 m ranging capa-
bility in outdoor use. As flight processors improve, LIDARs will
become a desirable option for space rover applications.

Simultaneous localization and mapping (SLAM) is a technique
for a mobile robot to integrate the onboard sensor data to build a
map of the environment around the robot. It is defined as the prob-
lem to build a model that leads to a map and repetitively improve it
while keeping track of the current location (localization) of the
robot in that map. The issues of mapping and localization are
coupled to each other, and onboard sensor data contain inherent
errors. Therefore, SLAM uses an iterative mathematical solution or

Figure 4. MER. (Courtesy of NASA/JPL.)
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statistical strategies to obtain maximum likelihood estimates of the
map and localization simultaneously. Today, there are a large num-
ber of good tutorials (e.g., [32] and [33]), papers, and technical
reports; therefore, a detailed reviewof these are not dealt here.

An integrated demonstration for autonomous navigation of
rover test beds with sensing, mapping, and localization was
conducted at the International Conference on Robotics and
Automation (ICRA) 2009 Robot Competition on Planetary
Exploration Challenge in Kobe, Japan.

Figure 5(a) depicts a rover test bed, El Dorado-II, developed
by Tohoku University in the competition field. The robot is
equipped with a scanning laser range sensor (Hokuyo UTM-
30LX), inertia sensors, and wheel encoders. Robots are to start
from the top of the lander, go down the ramp onto the ground,
travel to the goal position called science station, and then come
back to the lander, and finally, climb up on the ramp. The navi-
gation field is a 10 3 10 m2 square area, filled with gravel and
scattered obstacles. The relative position of the goal with
respect to the starting point is known in advance, but no a pri-
ori information about the obstacles is given. The robots are
expected to navigate the field by detecting the obstacles and

building a map completely autonomously. The El Dorado-II
rover conducted all the required tasks successfully. Figure 5(b)
depicts the digital elevation map of the competition field built
by El Dorado-II at the end of the challenge mission together
with the trace of the rover position.

The scan matching or iterative closest point (ICP) algorithm
[34] is one of the most useful methods to superimpose a multiple
geometry data set, improve the accuracy, and expand the area of
the map of the environment. The ICP algorithm was originally
developed as a versatile method for registration of 3-D shapes in
the applications of computer graphics, but the algorithm has been
widely accepted by the mobile robotics community to construct
geometrical maps of the environment. Today, a large amount of
successful applications are reported for mobile robots that explore
two-dimensional (2-D) environments, where a flat floor is inher-
ently assumed. Then, the x and y positions and yaw angle of the
rover should be estimated. However, in 3-D rough terrain, the x,
y, z positions and the roll, pitch, and yaw angles (6-DoF coordi-
nates) of the rover should be simultaneously estimated. Therefore,
the method requires heavy mathematical computation that
increases exponentially along with the degrees of freedom, takes
impractical time to converge, and to make matters worse, the
results likely go into local minimum (false matching). So far, a
limited number of examples have been reported successful in prac-
tical 3-D applications. One approach to improve the performance
of the data association is to utilize discriminatory features like
plane segments in the environment model, but this idea is effective
only for structured environments [35]. Another idea is a loop-
closing method, with which accumulated errors of sequential scan
matching can be corrected (or compromised) by checking global
consistency of the map, but this idea is effective only when a rover
makes a loop or round-trip type of navigation [36].

In the ICRA Robot Competition, El Dorado-II used the ICP
algorithm to build the entire map of the field along with its naviga-
tion paths. The environment was intended to be a 3-D terrain, but
the average elevation of the gravel field is almost flat. Therefore,
this was a relatively easy example to apply 3-D SLAM technology.
No loop-closing method was used. The author believes that an
effective fusion technique of inertial sensors, odometric measure-
ment (to be elaborated in the following subsection), and 3-D scan
matching will be the key for further challenges with much more
difficult, completely unstructured terrains.

Odometry
Wheel slippage is a critical issue for mobile robots driving
across loose soil, such as dry sand dunes and the like. It greatly
affects the traction performance and energy consumption and
leads to gradual deviation of the vehicle from the intended
path, possibly resulting in large drift and poor results of the
localization and control systems. For example, the use of con-
ventional dead-reckoning technique is largely compromised,
since it is based on the assumption that wheel revolutions can
be translated into correspondent linear displacements. Thus, if
one wheel slips, then the associated encoder will register revo-
lutions even though these revolutions do not correspond to a
linear displacement of the wheel. Conversely, if one wheel
skids, fewer encoder pulses will be counted.

(a)

(b)

Figure 5. (a) El Dorado-II, developed by Tohoku University, in
the demo field of ICRA 2009 Planetary Exploration Challenge.
(b) A map of the whole environment of the challenge field
(10 3 10 m2) and the round-trip navigation path executed by
the rover. (Courtesy of Space Robotics Lab, Tohoku University.)

IEEE Robotics & Automation Magazine24 DECEMBER 2009

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on December 22, 2009 at 16:26 from IEEE Xplore.  Restrictions apply. 










