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5.1
Introduction

k

The use of robotic systems for planetary exploration has been successfully shown
in recent years with outstanding examples such as the Mars rovers Opportunity,
Spirit, and Curiosity. While the ﬁrst phase of planetary exploration tends to deal
with “passive” in situ exploration of unknown areas by using cameras, measuring
values of the atmosphere by using onboard instruments, and so on, the relevant
scientiﬁc experiments can be performed as soon as samples (such as soil or rocks)
can be analyzed either by bringing them back to Earth or by analyzing them in
situ. In either case, the rover is required to have the ability to gather samples,
drill into the rocks, or bring the samples to the rover’s onboard scientiﬁc instruments in order to get them analyzed; hence, robotic manipulation is an importance
functionality in these missions. In case of advanced missions such as to establish
extraterrestrial outposts on the Moon, the robots need to be equipped with one or
several manipulators to be able to grasp, transport, and assemble infrastructure.
This section reviews current and existing robotic manipulation systems for
planetary exploration. The rest of the chapter discusses relevant design requirements, speciﬁcations, and procedures, describes underlining technologies such
as dynamical and motion control of robotic arms, and presents various future
needs and directions in this area.
5.1.1
Review of Planetary Robotic Arms

As explained in Chapter 1, planetary robotic systems belong to a class of their own
where robustness and accuracy need to be achieved with limited mass, power,
and processing capabilities. Hence, the design and operation of a robotic arm for
space should be challenging and in this case rather unique too. Up to date, a fewer
number of planetary robotic arms have been designed, ﬂown, or operated successfully compared with the total number of successful missions that have landed
on the extraterrestrial bodies. This section reviews these existing developments
Contemporary Planetary Robotics: An Approach Toward Autonomous Systems, First Edition.
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Past robotic arm specifications
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Figure 5.1 Speciﬁcations of existing planetary robotic arm systems.
Table 5.1 Overview of existing planetary arms.
Arms

Length
(m)

Mass
(kg)

Accuracy
(mm)

DOF
(–)

Repeatability
(mm)

Payload
(kg)

Materials
capacity

Max speed
(deg/s)

Beagle 2

0.75

2.2

5

5

4

2.5

0.5

Mars’01

2.2

4.1

10

4

5

10

Ti
jointsCFRP
Graphite
epoxy

MER
Phoenix
MSL

0.7
2.4
2.2

4.2
9.7
37

5
10
20

5
4
5

3
5
10

2
≈10
34

k

2–6

Alu/Ti
3.2–5.2

in real-world missions and the state-of-the-art planetary robotics they represent.
Figure 5.1 and Table 5.1 provide a summary and comparison of properties of these
robotic arm systems.
5.1.1.1 Mars Surveyor ’98/’01

The Mars Surveyor 2001 robotic arm as shown in Figure 5.2 is a low-mass 4
degree-of-freedom (DOF) manipulator with a backhoe design inherited from the
Mars Surveyor ’98 robotic arm [1, 2]. The end-eﬀector consists of a scoop for digging and soil sample acquisition, secondary blades for scraping, an electrometer
for measuring tribo-electric charge and atmospheric ionization, and a crowfoot
for deploying the rover from the lander to the surface. Control of the arm was
achieved by a combination of software executing on the lander computer and
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(a)

k
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(b)

(c)
Figure 5.2 MARS’01 arm [2, 3]. (a) Photo, (b) kinematics, (c) in operation for rover deployment. (Courtesy NASA/JPL-Caltech.)
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ﬁrmware resident in the robotic arm’s electronics. The arm was an essential
instrument in achieving the scientiﬁc goals of the Mars Surveyor ’01 Mission
by providing support to the other Mars Surveyor 2001 science instruments as
well as conducting arm-speciﬁc soil mechanics experiments. While the arm
was not ﬂown, it was space qualiﬁed to be launch on the canceled Mars’01
mission. In addition to the acquisition of samples, it was designed to deploy a
small 10 kg rover the size of the Sojourner rover. At 2.2 m long its graphite/epoxy
construction made it a lightweight system with good accuracy for its purpose.
5.1.1.2 Phoenix

Building on the Mars’01 design, the Phoenix Mars Lander robotic arm as shown
in Figure 5.3 is a 2.4 m arm with a aluminum/titanium construction, pushing its
mass to a recorded mass of 9.7 kg [4]. It operated for 149 sols after landing on May
25, 2008. During its mission, it dug numerous trenches in the Martian regolith and
acquired samples of Martian dry and icy soil.
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(a)

(b)
Figure 5.3 Phoenix arm [4]. (a) Calibration and testing, (b) kinematics. (Courtesy NASA/JPLCaltech.)
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5.1.1.3 MARS Exploration Rovers (MERs)

The successful instrument deployment device (IDD) as shown in Figure 5.4 has
been used in the two MERs and has accommodated 5 DOFs with an overall length
of 0.7 m and a mass of 4.2 kg [5]. It accommodated a range of payload and was
tasked to deploy them directly to target locations onto rocks and the surface. The
driving system requirements for the IDD are primarily concerned with the absolute and relative positioning performance associated with the placement of the
instruments on targets of interest including rock and soil targets as well as rovermounted targets. The absolute positioning requirement stated that each in situ
instrument should be positioned to within 10 mm in position and 10∘ with respect
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(a)

(b)
Figure 5.4 MER IDD [5]. (a) Breadboard, (b) kinematics. (NASA/JPL-Caltech.)
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to the surface normal of a science target that has not been previously contacted
by another in situ instrument. This requirement was then broken down into two
error budgets associated with the ability of the IDD to achieve a certain instrument position and orientation and the ability of the front HazCam stereo camera
pair to resolve the 3D position and surface normal of a science target. Therefore, the overall absolute positioning and orientation error requirements were split
equally into two error budgets. The IDD was required to be capable of achieving
a position accuracy of 5 mm and an angular accuracy of 5∘ in free space within
the dexterous workspace of the IDD. Factors that aﬀect the ability of the IDD to
meet this requirement include knowledge of the IDD kinematics (link lengths, link
oﬀsets, etc.), knowledge of the location of actuator hardstops used to home the actuators, actuator backlash eﬀects, closed-loop motion controller resolution, and
knowledge of IDD stiﬀness parameters. A calibration procedure was utilized to
experimentally determine the parameters that aﬀect the IDD positioning performance. The remaining half of the error budget was assigned to the front HazCam
stereo pair such that the vision system was required to determine the location of
the science target with a position accuracy of 5 mm and the angular accuracy was
5∘ with respect to the target’s surface normal. Factors that aﬀect the ability of the
stereo camera pair to meet this requirement include camera calibration errors,
stereo correlation errors, and image resolution issues. For RAT grinding operations, the IDD is required to place and hold the RAT on the rock target with a
speciﬁed preload. The IDD is required to provide the RAT with a preload of at
least 10 N within 90% of the reachable science target workspace. As mentioned
previously, each instrument carried proximity sensors to detect contact between
the instrument and the target surface.

k

5.1.1.4 Beagle 2

Q3

The Beagle 2 arm [6] as shown in Figure 5.5 was designed, built, and space qualiﬁed
for the Beagle 2 mission and is to date the only European planetary robotic arm to
be designed up to ﬂight level, including planetary protection qualiﬁcation. It had
a length of 0.75 m and 5 DOFs to deploy an instrument workbench of 2.5 kg. The
arm was particularly compact and at 2.5 kg and the lightest arm sent to Mars with
the highest mass to payload ratio of about 1 : 1. Each joint comprises a Maxon
DC brushed motor and high-ratio planetary gearbox, driving through a 100 : 1
harmonic drive gearbox. Joint position is detected by a potentiometer mounted
directly to the output shaft. All structural items were manufactured from titanium
in order to closely match the thermal expansion of the bearings, while minimizing
the mass. It is also the best choice where the carbon ﬁber arm tubes are bonded
to the end ﬁttings. The performance of the arm was driven by the accuracy of the
stereo camera pair on the position adjustable workbench (PAW) of ±2 mm and
the resolution of the potentiometer used to measure joint position (±0.2 mm). A
total positional accuracy of ±5.34 mm was achieved. All the instruments on the
PAW used to examine rocks required a contact force to be applied. The arm was,
therefore, capable of generating the 5 N required (Table 5.2).
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Figure 5.5 Beagle 2 arm. (Courtesy Beagle 2 Team.)

5.1.1.5 Mars Science Laboratory

The Mars Science Laboratory robotic arm as shown in Figure 5.6 is a critical, single
fault-tolerant mechanism in the MSL science mission that must deliver 5 out of
the rover’s 12 science instruments to the Martian surface [7].
The main attributes of the MSL robotic arm are

•
•
•
•
•

5 DOFs;
2.2 m outstretched length from base to center of instrument turret;
67 kg mass without turret instruments;
5 turret instruments with mass of 34 kg;
electrical cabling system with 920 signals traversing the length of the arm;
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Table 5.2 Beagle 2 arm performance.
Characteristics

Performance achieved

Mass (kg)
Maximum reach (m)
Max output torque (N m)
Back-driving torque (N m)
Max rotational speed (deg/s)
Supply voltage (V)
Drive current (mA)
Position feedback
Operating temperature range (∘ C)
Nonoperating temperature range (∘ C)

2.2
0.709
25
21
0.5
12
100 (Max)
10 kΩ, 0.1% Linearity potentiometer
−40 to +30
−100 to +125

• two dual-use caging mechanisms capable of surviving landing loads of over 20 g,
passively re-stowing the RA after deployment, and surviving rover driving loads
of 8 g;
• capable of surviving temperature range of −128 to +50 ∘ C and operating within
a temperature range of −110 and +50 ∘ C.

k

The primary function of the arm is to position the turret-mounted instruments
and tools with respect to Mars surface or rover-mounted targets [8]. The key requirement levied against absolute positioning accuracy is the arm shall be placed
with an accuracy of 20 mm in position and 10∘ in orientation relative to the surface
normal of a target selected in stereo imagery. Positioning accuracy is to be 15 mm
for instruments that can sense contact with the target (lateral accuracy). The arm
is required to have a repeatability of 10 mm. A key contact science requirement
is for the system to be capable of deploying and placing an instrument on a surface target determined from stereo imagery, retracting the instrument and placing
another instrument or tool within a single command cycle. All requirements related to contact science are applicable to rover tilts up to 30∘ . The requirements
regarding science target operations are speciﬁed with respect to the arm’s primary
workspace, which is a 1 m tall vertically oriented cylinder with a radius of 800 mm
as shown in Figure 5.6. It is located 1.1 m in front of the rovers front panel and extends 200 mm below the level of the rovers front wheels. The system is required to
be capable of sample acquisition at 90% of the reachable targets within the primary
workspace. In addition, the system is required to be capable of acquiring, processing, and delivering samples to science instruments when the rover has a tilt up to
20∘ . Each of the ﬁve arm joints is driven by an actuator consisting of a brushless
DC motor integrated with an encoder, a planetary gearhead, a resolver, a brake,
and hard stop hardware. Motor angular position is measured by the incremental encoder. Actuator output angle (joint angle) is inferred from motor position
through the gearhead reduction ratio. The joint angle is also measured directly by
the resolver. After joint motions are complete, the brakes are engaged to hold the
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(a)

k

k
(b)
Figure 5.6 MSL robotic arm [8]. (a) Drawing, (b) primary workspace. (Courtesy NASA/JPLCaltech.)

Q4

motor position without servoing (and without power). The two shoulder joints and
the elbow use low-power high-torque actuators (LPHTAs). The remaining joints
use wrist and turret actuators (WATERs). A summary of the capabilities of these
actuators is shown in Table 5.3.

5.2
Robotic Arm System Design
5.2.1
Speciﬁcations and Requirements

The design of a planetary robotic arm system needs to ﬁrst investigate the performance requirements (such as accuracy and repeatability), environmental requirements (such as lighting, dust, and thermal), as well as the design requirements
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Table 5.3 Curiosity arm parameters.

k

Parameters

Units

LPHTA

WATER

Gear ratios
Max output torque
Max current limit
Max speed
Backlash
Brake holding torque
Mass

None
Nm
A
RPM
mrad
Nm
kg

7520
1143
5
0.532
3.64
1313
7.8

4624
259
3
0.865
4.36
517
4.24

(such as size, mass, power, speed, payload, reach, number of DOFs, redundancy,
workspace or working envelope, and autonomous capabilities).
The requirements of a planetary manipulator design are translated from the
tasks that the manipulator is expected to perform. For instance, for a simple pickand-place operation in the manufacture industry, a robotic arm with 3 DOFs is
deemed suﬃcient. Similarly, payload of the robotic arm depends on the anticipated target objects to be handled. Ideally, the manipulator should be designed
with extra ﬂexibility so that it can potentially perform a variety of tasks. But the
space system design constraints (typically with regard to the mass) are expected
to impose restrictions to the design (e.g., end up limiting the DOF to reduce the
mass).
5.2.1.1 Performance Requirements

The performance of a manipulator is primarily determined by the chosen kinematic structure, by the actuator technology used and by the control algorithms
in place. Those decisions can inﬂuence a number of performance measures but
basically related to the following:

• Accuracy: This measure indicates how good a manipulator can position itself in
a certain location in space and is an important ﬁgure especially if the manipulator is used for nonrepetitive movements. The accuracy of the manipulator is
in turn inﬂuenced by the accuracy of the arm kinematic model available, which
usually needs to be enhanced with experimental calibration procedures. Typical
required accuracy for the industrial manipulator is around tenths of millimeter.
• Repeatability: This measure indicates the ability of the manipulator to return repeatedly to the exact same location when given the same target position and is
an important ﬁgure for a reliable manipulator, in this case, especially for repetitive tasks with preprogrammed positions. The magnitude of the required repeatability depends on the task. For example, typical industrial robots are below
1 or 2 mm, that is, an order of magnitude higher than the accuracy.
5.2.1.2 Design Speciﬁcations

• Workspace: The workspace is the spatial volume in which the manipulator can
work; in other words, the position and orientations in space that the robot can
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reach. It is deﬁned by three characteristics of the mechanical design, namely
the length of each link, the range of movement of each joint, and the type of
joint (revolute or prismatic) used. The design should try to maximize the socalled “dexterous workspace” (set of positions in space that can be reached with
multiple orientations of the robot’s end-eﬀector). The “dexterous workspace”
is not only interesting in the phase of the mechanical design, but can also be
computed and used during the execution of a manipulation movement in order
to relocate the rover or the arm to manipulate in the most convenient area.
Reach: The reach can be seen as the maximum extent of the “reachable”
workspace (“reachable workspace” is the workspace deﬁned by the positions,
which can be reached at least with one orientation). Its value depends on the
tasks that the robot needs to fulﬁll and the usual location of the objects to grasp
(in front of the rover, on the sides, behind) with respect to the location of the
robotic system on the rover or lander.
Size: The size (length) of the manipulator is determined primarily by the requirements on the robot’s workspace: that is, how far should it reach. The size,
in terms of how “bulky” the manipulator is, is primarily given by the requirements on the payload (the more payload, the larger motors are required, and
consequently, the more weight of the structure) and the required precision (the
more precision, the stiﬀer the robot, that is, usually thicker and thus heavier
links).
Payload: The payload is the maximum load that the manipulator is able to lift
(excluding its own weight). Obviously, payload is related to the acceleration or
speed at which the object being held needs to be moved. The greater the acceleration, the lower the payload than can be moved for the same robot. In
extraterrestrial bodies, the fact of usually dealing with low gravity and requiring very low motion speeds allows for relative large payloads without requiring
large torques (thus not requiring heavy motors).
Mass: The mass of the robotic system depends on the previous points related to
the size of the system. Its maximum value is likely given as a mission constraint
on the robot’s maximum weight, which in turn inﬂuences size and structure of
the robot.
Power: Similarly, the power required to drive the robotic manipulator depends
on the size, payload, and mass of the manipulator. In addition, the environmental conditions (duration of the day and the nights) of the planetary body
inﬂuence the size of the energy system. The robot needs to be able to work during the day and keep enough energy to withstand the cold night during which
probably some energy is used to heat up some subsystems.
Number of DOFs: The number of degrees of freedom (which equals to the
number of joints in a usual serial open chain manipulator) is determined by
the demand of the task. Six DOFs would be required to place the end-eﬀector
at any arbitrary position and orientation within the “dexterous workspace” of
the robot. However, many tasks can be accomplished with fewer DOFs as they
might not need arbitrary orientations. For instance, a simple pick-and-place
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operation could be achieved with only 3 DOFs if the object can be always
picked up vertically from above.
Redundancy: Redundancy in terms of the manipulator kinematics refers to the
fact of possessing more DOFs than the task requires. For instance, if the task
requires 3 DOFs (to position the robot at a certain 3D position regardless of
its orientation), a robot with 4 or more DOFs is called redundant. However, a
classical redundant robot is the one having 7 or more DOFs, because generally a
robot manipulator needs to be able to reach a given 3D position and orientation
(thus, requiring 6 DOFs). One beneﬁt of having the redundancy is to allow additional criteria for the motion of the robot without modifying the end-eﬀector
position and orientation. A typical example is for a manipulator holding an object in a 3D space, keeping ﬁxed position and orientation of the end-eﬀector,
while at the same time being able to move its “shoulder” (or any other) joint to
avoid obstacles or to reconﬁgure the arm posture, and so on. On the other hand,
the control algorithms are reasonably more complex, as they need to use some
type of redundancy resolution method.
Autonomous capabilities: An additional requirement can be given by the level
of autonomy (LoA) that the robot needs to possess, ranging from a manually
teleoperated system to a fully autonomous system (as introduced in Section 1.2
and explained in Section 2.6.2 from system design point of view). The chosen
LoA drives various hardware systems design; for example, in order to achieve
full autonomy, the robot needs to be equipped with powerful onboard computational resources and dedicated sensor devices. A thorough discussion on
autonomy for planetary robots is detailed in Chapter 6.
On- or oﬀ-board processing: Depending on the required LoA, more or less
onboard processing power need to be integrated within the robot. For a teleoperated system, the robot requires minimum onboard computational power to
implement low-level controllers, which move the robot joints according to the
commands received via a remote connection. But if the robot needs to be able
to plan collision-free trajectories for the arm, the requirements for the onboard
processing increase substantially.
Software control algorithms: Low-level (joint level) control algorithms is the
minimum requirement for the arm in order to drive the joints, which refers to
feedback controllers that send commands to the joints (positions or velocities)
and use sensors to monitor the accomplishment of the commands. In addition,
feedforward signals might be used to compensate for dynamics eﬀects. In case
of using lightweight materials, which might introduce vibrations or inaccuracies on the positioning due to bending of the mechanical arm links, vibration
suppression algorithms is also required onboard. High-level control algorithms
(i.e., output references to be followed by the low-level controllers) are additional
demands, which can be implemented either on board the robot at the cost of
computational power or on ground at the cost of uplink communication latency.

One can take the speciﬁcations of the robotic arm mounted on the Mars Science
Laboratory rover (Curiosity) as an example [8]. The Curiosity rover was required
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to gather soil samples and drill rocks in order to provide samples to the instruments on board the rover. Moreover, the manipulator had to be able to place
science instruments over interesting surface targets to study their chemical and
mineral composition. As such, the manipulator had four primary requirements
to achieve those tasks [8]: (i) to be able to place instruments over surface targets
(rocks and regolith), which requires stereo camera systems to extract the 3D location of the targets, (ii) to be able to place the arm to acquire soil samples or
position the drill over rock targets, (iii) to be able to support the processing of
samples by shaking the onboard instruments, and (iv) to be able to drop oﬀ samples to onboard instruments. Basically, the manipulator had to be able to position
its tools relative to desired targets over the Mars surface or over onboard instruments carried by the rover. The required accuracy for successfully achieving those
tasks was deﬁned as to be lower than 20 mm in position and 10∘ in orientation and
a repeatability lower than 10 mm. The workspace was deﬁned as a vertically placed
cylinder of 1 m in height, with radius 800 m and located 1.1 m in front of the rover.
The ﬁnal design selected a conﬁguration with 5 DOFs and a 30-kg payload with a
reach of around 2 m. The joints are driven by brushless DC motors equipped with
incremental encoders, planetary gears, and brakes. What is called the low-level
arm control includes forward and inverse kinematics computations, trajectory
generation, and deﬂection compensation among others. The latter is required to
compensate for the deﬂection of the arm links due to the long reach of the arm
(over 2 m) and the heavy payload (30 kg). The forward and inverse kinematics use
a rigid-body assumption, which is compensated on board by using a model of the
stiﬀness of the arm to compute its deﬂection depending on the current pose. In
this way, the positioning error can achieve the required speciﬁcations. High-level
behaviors are a series of sequences of low-level behaviors to ease the use of the
rover for recurring operations. For example, the behavior ARM_PLACE_TOOL
would place the tool in the speciﬁed target position by sequentially calling a series
of low-level behaviors.
5.2.1.3 Environmental Design Considerations

For a planetary robot hence the manipulator, environmental conditions of the speciﬁc extraterrestrial body in many respects drive the robot design and selection of
components. A thorough study on environment-driven design considerations is
presented in Chapter 2.4. Here, some of the design factors are re-enforced with
regard to the robotic manipulator system.

• Light: One of the most interesting areas to yet be explored on extraterrestrial
bodies are craters, where the use of a manipulator to gather samples from inside the crater can be of high scientiﬁc interests. Within the craters, the areas
with “eternal darkness” are most interesting for science, for example, the famous Shackleton crater at the South Pole on the Moon where measurements
from the Lunar Reconnaissance Orbiter/LCROSS indicate the presence of water ice. However, the eternal darkness needs to be considered while designing
the camera systems, which would be used by a manipulator to recognize the
targets.
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• Dust: Dust storms have been a major problem for missions on Mars. In 2007,

k

dust storms covered the solar panels of the rovers Spirit and Opportunity preventing sunlight hence power generation. In addition, dust on the lens of a microscopic imager mounted on Spirit reduced the quality of the images delivered
by that camera. The abrasive nature of the dust allows it to seep into mechanisms
through seals and reduce the eﬃciency of the actuators, leading to jamming and
ultimately failure. For a planetary manipulator, the dust problems need to be
taken into consideration, either by having some way of self-cleaning or by designing the system such that it can work with reduced performance, energy, or
image quality.
• Gravity: In a low-gravity environment compared with Earth, the weight of the
manipulator will be lower, which in turn requires lower torques to drive its
joints, and vice versa. For example, the working Canadarm in space can have
trouble to work on Earth as the actuators of the manipulator are likely unable
to lift its own weight under Earth surface gravity. Gravity (lower or higher) also
aﬀects the dynamic properties of the robot. For example, the manipulator is designed to use the computed-torque control (as described in Section 5.3.1.3) that
requires identiﬁcation of the dynamic model of the robot manipulator, then the
dynamic model needs to be reidentiﬁed (or at least adapted) if the control needs
to be used on another planetary body.
• Temperature: It is known that the temperatures on other planetary bodies can
vary abruptly. On Mars, for instance, temperatures might reach 20 ∘ C at noon on
the equator, whereas at the poles the temperatures can be as low as −150 ∘ C. As
mentioned earlier, the polar regions (and their craters) are usually most scientifically interesting for sample collection and manipulation. Consideration needs
to be taken for the design of the electronics and mechanical parts to withstand
such temperature range and extremes.
5.2.2
Design Trade-Oﬀs

This section presents design trade-oﬀs for developing the planetary robotic manipulator systems given the requirements discussed in the previous section, including selection of the kinematics (i.e., singularities, manipulability, etc.), the
structure and material, and the required sensors.
5.2.2.1 Arm Kinematics

• Singularities: The selection of a certain mechanical manipulator structure
determines a certain number of conﬁgurations in which the robot enters a
“singularity,” that is, a conﬁguration in which the robot is not able to generate
end-eﬀector velocities (or forces) in a certain direction. Near a singularity, the
joint velocity required to achieve a certain Cartesian velocity can be extremely
large. In other words, the robot “loses” DOF: mathematically stated, the
Jacobian of the robot manipulator loses rank, that is, two or more columns of
the Jacobian matrix become linearly dependent. Given the fact that the number
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of degrees of a manipulator is usually carefully selected in order to achieve a
certain task, the fact of entering singularities and thus losing DOF is a situation
needs to be carefully studied. On the one side, the mechanical design can try
to minimize the number and type of singularites (by choosing the mechanical
structure) and on the other side, the control algorithms can and need to be
aware of singularities in order to avoid approaching or working close to them.
• Manipulability: In order to assess how close (or how far) is the manipulator from
a singularity, the concept of “manipulability” has been deﬁned. It describes the
ability of the robot to move freely in all directions within its workspace (thus, it is
closely related to the robot singularities). The manipulability can refer to (i) the
ability to reach a certain position (related to the workspace of the robot, thus
a global measure) or (ii) to the ability of changing the position or orientation
given a certain robot conﬁguration (a small movement around the current conﬁguration, thus, it is a local measure). To study manipulability, one studies the
Jacobian of the manipulator, to relate inﬁnitesimal joint movements to inﬁnitesimal Cartesian movements. To this aim, many diﬀerent manipulability measures
have been proposed in the literature, introduced initially by Yoshikawa [9]. By
using this information, the manipulator can adjust its conﬁguration (if available, by making use of the robot redundancy) to maximize the manipulability
and thus maximize the probability of succeeding on the execution of the manipulation task. The original work from Ref. [9] describes the manipulability index
as a distance to singularities computed as
√
(5.1)
w = det(J(q) ⋅ J T (q))
where J is the Jacobian of the robot manipulator and q the joint positions.
Higher values of manipulability w indicates higher ability to move in all
directions around the current conﬁguration of the robot.
5.2.2.2 Structure and Material

Usually, robot manipulators are being designed as rigid as possible so as to
minimize the deﬂection of the links while moving its own weight or a payload.
The stiﬀer the robot, the more accurate the positioning can be achieved without
requiring complex control algorithms. However, stiﬀ rigid links generally mean
more weight of the mechanical structure, which in space applications is of main
concern. For this reason, lighter materials (i.e., usually more ﬂexible materials
such as carbon and glass-ﬁber composites) can be used to build the manipulator
at the price of possibly reducing the robot positioning accuracy, increasing
the risk of vibrations during the movement, and thus, requiring more complex
algorithms to deal with those issues.
5.2.2.3 Sensors

Apparently from the previous section, a decision needs to be made about the
choice of sensors on board the manipulator, and the need to consider saving the
mass by using the minimum set of sensors required to successfully accomplish
the assigned tasks.
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• Position and velocity sensors: Joint positions (and velocities) are one of the basic

k

manipulator sensors and of crucial importance. There are diﬀerent technologies: from simple and low-resolution potentiometers to optical or magnetic encoders providing high resolution. Similarly, they can be found as incremental
or as absolute encoders. The ﬁrst type starts counting revolutions from the current position of the motor after power-up; thus, before having passed through
a reference point, there would be no way of knowing in which absolution position the motor is in. This usually requires some sort of homing procedure (joints
move until ﬁnding its “zero” position) at every start-up. On the other hand, as
the name already indicates, absolute encoders signal the absolute position of the
motor within a rotation.
• Force or torque sensors: The typical force sensor is attached to the wrist of the
manipulator and measures forces in the three Cartesian directions and torques
in the three axes of rotation of the end-eﬀector. These measurements might be
interesting for accurately controlling the forces exerted by the robot. Torque
sensors on each joint are very rarely used, although they might be interesting
for several purposes: for implementing computed torque control or vibration
control algorithms, especially in the case of joints presenting some ﬂexibility.
• Cameras: The use of cameras is one of the basic exteroceptive sensors that a
planetary arm uses. On the one side, there is the need of recognizing the location of the objects to be grasped, which is usually accomplished by using a pair
of cameras mounted as a stereo vision system. On the other side, the manipulator is probably designed using lightweight materials due to the constraints on
the mission’s payload, thus making the manipulator less accurate than a rigid
one. In this case, a precise calibration can be performed to improve the accuracy of the arm but usually combined with the use of the camera information to
drive the motion of the manipulator toward the object (what is known as “visual
servoing”).

5.3
Robotic Arm Control

Manipulation refers to the process of moving or rearranging objects in the environment. In order to control a robotic manipulator system to perform a desired motion, several control components are required. Those components can
be grouped into three functions as shown in Figure 5.7.
1) High-level control: The highest manipulator control layer, planning the path
for the end-eﬀector and implementing the LoA for the robot, which can range
from the teleoperation to the fully autonomous operation with varying LoA
in between.
2) Trajectory generation: Components that provide references for the joint controllers, basically acting as interface between the high-level commands and
the low-level control commands.
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Trajectory type, time, precision, etc.
Maximum joint velocity and acceleration

References for dynamical control

Low-level control

Figure 5.7 Layered structure of the motion control for a robot manipulator.

k

3) Low-level control: The control strategies dealing with the commands at joint
level to achieve the desired motion references dictated by the high-level control (usually given in Cartesian space).
In addition to the three-level control, collision avoidance is often regarded explicitly where the control strategies need to avoid collisions of the robot with the
environment and with itself (self-collision), particularly true for complex and redundant robots. In the following sections, the basic concepts and state-of-the-art
design examples for each of these functions are described.
5.3.1
Low-Level Control Strategies
5.3.1.1 Position Control

Position (or velocity) trajectories, which ideally the robot manipulator should be
able to follow according to its kinematic constraints, are received by the robot
joints, which will try to follow the trajectories as close as possible. This step is
usually known as kinematic control.
In practice though, those trajectories are not always achieved due to the dynamical characteristics of the robot (such as inertia, frictions). The dynamical
model of a robot is highly nonlinear, multivariate, coupled, and of time-varying
parameters, which makes the dynamical control usually a hard problem. For that
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reason, in practice usually some assumptions are taken, which simplify the control scheme. Factors such as the gear ratio or the viscous friction can actually help
to simplify some dynamics. For instance, a high gear ratio as commonly found
in industrial robotics allows to consider the links of the robot as decoupled. In
those conditions, a set independent proportional and derivative (PD) controllers
for each joint might be a more than suitable solution. Note that, however, a high
gear ratio does not come for free: it also adds undesired viscous friction, joint play,
and joint elasticity.
This section shows the two typical independent joint feedback control schemes
for stiﬀ robots (high-gear ratios), which assume the manipulator as a decoupled
system (a joint motion has no inﬂuence on the other joints’ motion). In the rest of
the section, the following symbols are used:

• The end-eﬀector position and orientation is denoted as X. This 6 × 1 vector is

•

k

•
•
•

deﬁned as X = (pT 𝜑T )T , where the vector p describes the end-eﬀector position
and 𝜑 is a set of Euler angles from the rotation matrix describing the orientation
of the end-eﬀector.
The three-dimensional force f as well as the three-dimensional moment
m exerted by the robot’s end-eﬀector are the components of the wrench
h = ( f T mT )T .
The joint positions are denoted by q.
The commanded torques are denoted by τ.
The subscript d denotes a “desired” reference value for the speciﬁc magnitude
(either force or position/orientation in Cartesian or joint space).

Feedback Position Control with Position Reference The simplest and most common

form of robot joint control is independent PD control, described as
ep = qd − q

(5.2)

τ = KP ⋅ ep + KD ⋅ ė p

(5.3)

The error signal is formed by comparing the joint position reference with the
current joint position measurement. This error is then used by the proportional
part (P) and the derivative part (D) of the controller to eliminate (or minimize) the
error signal. The selection of the controller parameters KP and KD determines the
behavior of the controller. The controller scheme can be seen in Figure 5.8.
qd

+

+

KP

Robot

–

+
d
dt

KD

Figure 5.8 Feedback controller with position reference.
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Feedback Position Control with Position and Velocity Reference A slightly better per-

formance is obtained by using also a velocity reference in addition to the position
reference, as described by
ep = qd − q

(5.4)

ed = q̇ d − q̇

(5.5)

τ = KP ⋅ ep + KD ⋅ ed

(5.6)

The controller scheme can be seen in Figure 5.9.
5.3.1.2 Force Control

k

Position control is the best solution as long as no (or little) contact with the environment is necessary. However, in case of unstructured environments such a
planetary body, where the knowledge of the environment is imprecise, or in complex motion-constrained tasks, some kind of force control is required in order for
the robot to attain its goal. More speciﬁcally, robots need to sense contacts with
the environment and, by sensing, comply with the current environment, regardless of its unknown nature.
One of the required components for a robust and adaptive robot is the ability
to adapt the contact interaction forces when manipulating an object or contacting
a surface (in this area, any object/surface with which the robot makes contact is
generally deﬁned as “environment”). This problem domain is generally known as
compliance control and tries to guarantee that the robot accommodates the interaction forces rather than resisting to the constraints posed by the contact with the
environment.
Active compliance control methods use measurements from the contact forces
(and moments) and robot’s motion, which are fed back to the robot’s controller
in order to generate appropriate motion commands according to a desired robot’s
behavior. The research on active methods to provide robust force control in any
of its ﬂavors has been gaining importance in the last three decades and a great
deal of research papers is available. A ﬁrst description of the state of the art in
the 1980s can be found at [10]. Similarly, [11] reviews the state of the art in the
1990s. Some books also appeared at that time that focused exclusively on force
control [12]. More recently, Lefebvre et al. [13] surveyed the state-of-the-art of the
required subcomponents for active compliant systems. The recent “Handbook of
qd

+

+
KP
–

qd

Robot
+

+

KD
–

Figure 5.9 Feedback controller with position and velocity reference.
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Robotics” [14] includes also a chapter that reviews the current state of robot force
control. In the area of planetary rovers, the robotic arm mounted on the Mars
Science Laboratory rover (Curiosity) includes the capability to autonomous drill
a rock, being its main component a force feedback loop that controls the forces
during the execution of the drill. The algorithms to achieve those operations are
described in Ref. [15]. The drill on the rover Curiosity is the ﬁrst autonomous
extraterrestrial drill into a rock.
In general, any active control method for compliance control tries to somehow
add or combine motion and force errors, and use a controller or set of controllers
to send the most proper commands to the robot’s joint actuators. The way these errors are combined is what creates the basic distinction between direct and indirect
compliance control methods.

• Direct force control methods are those where the controller directly regulates
the contact force to a desired reference. A classical force control strategy or a
hybrid force/motion control belongs to this category.
• Indirect force control methods are those where the force is controlled indirectly
via motion control. Impedance control in its diﬀerent “ﬂavors” belongs to this
category.

k

Both approaches diﬀer in the way to specify the interaction task. For instance,
in the hybrid force/motion control (or direct method), the task is speciﬁed in
the geometric space, as can be seen later that the user deﬁnes which directions
are controlled on force and which ones are controlled on position. In the case
of impedance control (indirect method), the designer can deﬁne a dynamic relationship between force and motion. In the end, the set of impedance parameters
deﬁned will determine the robot’s behavior. When comparing the design methodologies for compliance control in a practical sense, both are quite similar: where
a designer would identify a constrained direction in hybrid force/motion control,
he would probably deﬁne a more compliant behavior when using an impedance
controller; where a designer would identify an unconstrained direction in hybrid
force/motion control, he would probably deﬁne a stiﬀer behavior when using an
impedance controller. Interaction control methods might also be classiﬁed according to the static or dynamic performance of the control method:

• Dynamic model-based control methods are those that are concerned with the
transient, that is, with the dynamical response of the system. To this category
belong impedance and admittance control schemes, as well as hybrid and parallel force/motion strategies. For any of them, a complete dynamic model of the
robot is required, thus being more complex, both to be designed and implemented. Furthermore, force measurements are necessary in order to obtain a
decoupled and linear interaction model that is easily tractable.
• Static model-based control methods are those that are only concerned with the
steady-state response of the system. In the case of impedance control, the static
case is called stiﬀness control. In the case of admittance control, the static case is
known as compliance control. That is, compliance and stiﬀness control are subsets of admittance and impedance control, respectively. These methods are thus
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easier to implement, as they do not require dynamic models but only knowledge
about the gravity terms.
A review of several interaction control methods, divided into dynamic and static
model-based methods, is given in Ref. [16], which also includes experimental evaluation.
Hybrid Force/Motion Control This method [17] treats the contact interaction as a

geometric problem, where there are a set of geometric constraints to be taken into
account. After careful examination of the interaction task, a number of robot’s
DOFs are regarded as “force-controlled,” whereas the rest are considered to be
“motion-controlled.” That means that the hybrid controller controls exclusively
motion along unconstrained, “motion-controlled,” directions, and force/moment
along constrained, “force-controlled,” directions. This approach is based on the assumption that for most of the usual constrained robotic tasks, it is possible to split
the task into two mutually independent subspaces, one controlling contact forces
and one controlling robot’s motion. Thus, making use of diﬀerent subspaces, motion, and force can be controlled simultaneously. Figure 5.10a shows a diagram of
a hybrid force/motion controller.
Parallel Force/Motion Control The parallel approach [18] as shown in Figure 5.10b

k

is classiﬁed as a direct control method as it starts with the geometric constraints
also used for hybrid force/motion control.
The diﬀerence with a hybrid force/motion approach is that parallel force/motion control does not use diﬀerent control subspaces for force and motion, but
combines and weights the contributions of motion and force controllers into one
controller using a single matrix. In this case, the controller gives priority to force
errors, which dominate the controller’s response. Thus, a position error would be
“tolerated” along a constrained direction in order to ensure proper force tracking.
Impedance Control The general term impedance control is commonly used indistinctly when referring to either impedance or admittance control. Both pursue the
same goal – active modiﬁcation of the mechanical impedance of the robot – but
they do it from diﬀerent perspectives. Impedance control basically works by measuring position and outputting force, whereas admittance control works by measuring force and outputting position. Due to the diﬀerent ways of solving the
control problem, the accuracy of the compliance method lies on diﬀerent factors.
The impedance control depends on the accuracy of the position sensors and the
bandwidth and accuracy of the force-controlled actuators, whereas in admittance
control the accuracy depends on the force sensors used and the bandwidth and
accuracy of the position-controlled actuators.
Active impedance control as shown in Figure 5.11a indirectly regulates the contact forces by generating an appropriate motion that ends up in a desired dynamic relationship between the robot and the environment. In contrast to hybrid
force/control methods, impedance control uses a single control law to regulate simultaneously both position and force by specifying a target dynamic relationship
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Figure 5.10 Force/motion control. (a) Hybrid, (b) parallel.

between them. In other words, it weighs the contributions of the force and motion
controllers using a set of weighing matrices. In contrast to hybrid force/control
where there are also weighing matrices, the matrices used in active impedance
control have physical dimensions of impedance: that is, stiﬀness, damping, and
inertia parameters. These parameters thus shape the dynamical behavior of the
robot as if mechanical springs, dampers, and extra inertia were included into the
robot’s end-eﬀector. The design of the target impedance that ensures a proper behavior is though not an easy task. It is clear to see that the behavior of the robot
when contacting an environment needs to be diﬀerent than when moving freely,
especially when a good position tracking is desired in free space (remember that
a stiﬀ robot is a good position tracker, whereas by deﬁnition a stiﬀ robot is not
compliant when contacting the environment). Moreover, even a well-deﬁned target impedance depends ﬁnally on the dynamics of the environment, which needs
to be estimated as good as necessary to ensure not only stability on a ﬁrst level but
also the necessary robot’s performance.
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Figure 5.11 Control strategies. (a) Impedance control, (b) stiﬀness control.
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Q7

The work from Hogan [19] is considered the benchmark for impedance control
as it is the ﬁrst to describe the concept of a virtual mechanical impedance for controlling robot-environment interaction forces. However, it was not the ﬁrst idea on
the use of virtual mechanical elements to control forces: in Ref. [20], a generalized
spring and damper system for force control is presented that is later implemented
in Ref. [21]. One of the best current examples of the use of active impedance control are the LWR lightweight arms from DLR [22]. Ever since a vast literature has
been published around the topic in order to cope with pitfalls of the original description or deal with implementation issues. For instance, Hogan itself [23] and
later other authors [24] analyzed the stability of the impedance control law or the
instability originated after contacting stiﬀ environments [25]. In order to tackle the
problem of the uncertainty on the parameters of the environment model as well as
of the robot, some works propose adaptive [26–29] or robust [30, 31] impedance
control strategies that would deal with uncertainties. Moreover, as the original
description lacks of force tracking capabilities, some works propose methods for
enhancing the controller to track forces [32, 33]. The impedance control area has
seen as well the use of neural network implementations of the controller [34, 35], in
most cases used as a method to minimize the problems arising from the model’s
uncertainties. Learning algorithms have also been proposed [36, 37], as well as
impedance control methods have been not only applied to single-arm systems but
also to multiple-arm systems [38–40].
Stiﬀness Control Stiﬀness control is only concerned with the steady state of the

end-eﬀector, thus this is a simpliﬁcation of a complete impedance control. Only
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a proportional action (a single matrix) is necessary to deﬁne the behavior of the
controller, which controls the behavior of the robot in such a way that behaves as
a 6-DOF spring with respect to the forces (and moments) applied to the robot’s
end-eﬀector. Since this method focuses speciﬁcally on the steady-state response,
it does not require knowledge about the complete robot’s dynamics. In this case,
only the gravity terms of the Lagrangian equation representing the dynamics of the
system is necessary. In brief, the stiﬀness control regulates the static relationship
between the forces exerted on the environment and the deviation (if and as much
as necessary) of the position and orientation from the desired values. Figure 5.11b
shows a block diagram on the stiﬀness control that only receives information
about position, since it does not deal with higher derivatives of this variable.
Admittance Control Admittance control holds basically the same working prin-

k

ciple as impedance control. However, it separates explicitly the position control
from the impedance control. The position controller is an inner loop, as in industrial robots, designed to be stiﬀ to reject position disturbances robustly. The trick
is that the position controller does not receive directly the desired motion but
the output of the “impedance controller.” Figure 5.12a shows a diagram sketching
the admittance control. As it can be seen, the “admittance controller” to be more
correct, since the input is force (wrench) and the output is position, receives two
inputs: the desired position and the end-eﬀector wrench (force and moment). A
proper target impedance can generate an output that is a suitable position/orientation for the robot that maintains the desired dynamical relationship between
force and motion.
Note that the admittance control diagram shows similarity to the previous parallel force/motion control, which requires knowledge of the interaction task in
order to deﬁne the geometric constraints. The diﬀerence with admittance control is the criteria to deﬁne the force controller (physical impedance parameters
vs force-controlled task directions).
Compliance Control As stiﬀness control is for impedance control, compliance con-

trol is a subclass of admittance control, where the controller is only concerned with
the static relationship between the forces exerted by the robot and the deviation of
the position/orientation from the desired values. Figure 5.12b shows the block diagram of the compliance control, where the controller only generates a reference
position (no higher derivatives) for the position controller.
5.3.1.3 Dynamic Control

Dynamics studies the relations between forces acting on a body and its resulting motion. For that reason, the purpose of a robot dynamical model is to obtain
the relation between the movement of the robot and the forces acting on it. The
dynamical model can be used to achieve several objectives:

• simulation of the robot motion,
• design and evaluation of the mechanical structure of the robot,
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Figure 5.12 Control strategies. (a) Admittance control, (b) compliance control.

• selection of the required actuators for the robot,
• design and evaluation of the dynamical control of the robot.
This last point is of great signiﬁcance, since the quality of the dynamical control
determines the robot’s precision and speed of movement. In other words, the use
of dynamic control strategies are used to ensure that the trajectories followed by
the robot are as close as possible to the ones proposed by the kinematic control.
However, the high complexity associated with the formulation of a dynamical
model obliges in most cases to assume simpliﬁcations on the model. Needless to
say, a complete dynamical model of a robot not only includes the dynamics of its
links but also of the transmission system, the actuators, and the power/control
electronics. Those elements include new inertia, friction, and saturation eﬀects,
which even make the dynamical model more complex.
The purpose of a dynamic control is to compute the torques τ, which make
possible to obtain the desired joint positions q (possibly also joint velocities and
accelerations). Obviously, torques are not directly sent to the motors, but the computer generates some torque-related “quantities,” which in turn are transformed
into analog voltages by the PWM generator. The motor then produces torques
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Figure 5.13 Overview of a torque control scheme of a brushless DC motor-based joint.

that provide the actuating torques τ at the joint through the gear ratios as seen in
Figure 5.13.
The dynamic equation relating τ and q is well-known:
τ = Mq̈ + C q̇ + G + τf = Mq̈ + H

(5.7)

where M is the inertia matrix (n × n) of the link, C are of Coriolis forces/torques
(n × 1), G is the vector of gravity forces/torques (n × 1), and τf is the vector of
friction forces/torques (n × 1).

k

Mechanical Motor Model The simpliﬁed (without regard to Coriolis forces) dy-

namic equation of the mechanical part of the motor can be described as
̇ + Cm
τm = Jm q̈ m + fm qm

(5.8)

where τm is the motor torques, Jm is the inertia matrix of the motor, q̈ m is the motor
̇ is the motor velocity, fm is the motor viscous friction, and Cm is
acceleration, qm
the resisting torque at the motor. We can include the gear ratio (N) to relate motor
̇ = N q.
̇ Thus, the resisting torque at the motor side
and link velocities/angles as qm
is related with the link torque as
Cm = N −1 τ

(5.9)

By using the gear ratio (N) and Eq. (5.9) in Eq. (5.8) and replacing τ by the expression in Eq. (5.7), we obtain
τm = M′ q̈ + H ′

(5.10)

M′ = Jm N + N −1 M

(5.11)

H ′ = fm N q̇ + N −1 H

(5.12)

where

and
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Electrical Motor Model Regarding the electrical part of the model, a DC motor

model is used as an example.1) The voltage vector at the motor input can be deﬁned
as
Um = rm Im + Lm

dIm
+ Em
𝑑𝑡

(5.13)

where rm is the motor armature resistance, Im is the motor’s armature current, Lm is the inductance of the motor, and Em is the motor back-emf
(counter-electromotive) voltage. For DC motors, we additionally have that
Em = Ke q̇ m

(5.14)

τm = Kc Im

(5.15)

and

What it is ﬁnally missing is the power electronics (H-bridge) model, which can
be assumed as a proportional relation between input voltages U and Im motor
currents as
U = Kv Im

(5.16)

Feedforward Plus Feedback Control The simplest dynamic controller is imple-

k

mented making use of the inverse model as feedforward signal. This allows its
computation directly (and exclusively) from reference signals of position/velocity/acceleration, thus it can be computed oﬄine. The controller is described
by
ep = qd − q

(5.17)

ed = q̇ d − q̇

(5.18)

τ𝐹 𝐵 = KP ⋅ ep + KD ⋅ ed
̂ q̇d , qd )q̇d + G(q
̂ d)
̂ d )q̈ d + C(
τ𝐹 𝐹 = M(q

(5.19)
(5.20)

τ = τ𝐹 𝐵 + τ 𝐹 𝐹

(5.21)

The controller scheme can be seen in Figure 5.14. In this scheme, it might be
necessary to include a zero-order delay after the computation of the inverse model
since we are feeding forward a “future” signal into the inner feedback loop.
Computed Torque Control. In this control strategy, an inverse model is used in the

feedback loop of the controller, that is, it needs to be computed online. In addition,
there is a PD controller, which works against a simple linear model for the acceleration. Given the knowledge about Eq. (5.7), a nonlinear decoupling controller can
be written as 𝜏 = 𝛼 ⋅ 𝜏 ′ + 𝛽, and choosing 𝛼 = M and β = H. This can decouple the
̈ which means that the PD controller needs to deal only
system and gives τ′ = q,
1)

Assumption is valid for a BLDC motor using a vector control strategy, which mathematically transforms the BLDC motor into a “pure” DC motor.
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Figure 5.14 Feedforward (inverse model) plus feedback controller.

with a linear system. In summary, the controller is described by
ep = qd − q

(5.22)

ed = q̇ d − q̇

(5.23)

′

τ = KP ⋅ ep + KD ⋅ ed + q̈ d
̂ ⋅ τ′ + Ĥ
τ=M

k

(5.24)
(5.25)

The schematic use of the inverse model (and its components) within the computed torque control scheme can be seen in Figure 5.15. The complete controller
scheme can be seen in Figure 5.16.
+

M

q
Robot
+
Cq + G + τf = H

Figure 5.15 Inverse model for decoupling robot model.
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Figure 5.16 Computed torque control.
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5.3.1.4 Visual Servoing

k

When a robot operates in an unstructured environment, the use of sensor-based
control strategies for ensuring the correct execution of the manipulation tasks are
unavoidable. Position or velocity control is used in most robot systems, as we just
saw in the previous sections. Force control and other compliance control methods
are also of interest when operating in nondeterministic scenarios as previously
seen. Another source of information is vision; the use of the information from
a camera as feedback for controlling the motion of a manipulator is in general
known as Visual Servoing. The method allows to deal with real-time changes of
the relative pose of the object with respect to the robot and has the advantage of
possessing great accuracy and robustness. In contrast to the methods described
earlier, the visual servoing does not need a explicit reference signal but always tries
to reactively move toward the object by minimizing the error between the pose of
the object and the pose of the gripper.
Hill and Park [41] introduced the term Visual Servoing in order to diﬀerentiate with previous works. In this approach, visual features from the camera image
are used in order to orient, for instance, the robot gripper with the object to be
grasped. The camera can be placed on a ﬁxed position with respect to the manipulator (the so-called eye-to-hand approach) or can be directly be attached to the
manipulator’s end-eﬀector (the so-called eye-in-hand approach). The general advantage of the eye-to-hand approach is that the camera is not moving and usually
has a better overview over the workspace and the object/gripper. On the other
side, in this case, the robot needs to track both the object and the robot’s endeﬀector. In the eye-in-hand approach, since the camera is mounted on the gripper,
the pose of the gripper can be extracted directly from the pose of the camera.
One of the ﬁrst eye-to-hand systems was shown in 1973 by Shirai and Inoue [42].
In Reference [43], a static camera was used to grasp an object that is moving on a
plane. Kragic [44] used a motion tracking system in connection to a grasp simulator in order to plan the grasping motion. However, the eye-in-hand conﬁguration
is used more frequently, see Refs [45, 46]. By using two cameras, complete 3D information of the object can be retrieved, even when the object is unknown. One
of the ﬁrst stereo visual servoing systems was implemented using a eye-to-hand
conﬁguration [47].
Apart from the location and number of cameras, visual servoing can be
also categorized according to the control strategy used, namely imaged-based,
position-based, or hybrid strategies [48]. In the image-based visual servoing (see
Figure 5.17), the position of the gripper is extracted directly from features of the
image, with a so-called feature sensitivity matrix is computed [49, 50]. By using
this matrix, the motion required to move the manipulator toward the object to be
grasped can be estimated. In the position-based visual servoing (see Figure 5.18),
the complete 3D position and orientation (pose) of the target object are extracted
from the camera information and the error between the pose of the end-eﬀector
and the object pose is brought to zero [51, 52]. The advantage of image-based
method is that they do not require stereo camera system although it has to deal
with the problems related to tracking features are lost from the image. When
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Figure 5.17 Image-based visual servoing control scheme.
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Figure 5.18 Position-based visual servoing control scheme.

using position-based methods, and since the control is done in Cartesian space,
possible constraints on the path can be taken into account, for instance, to avoid
collisions. However, those methods require a higher computational eﬀort and 3D
information about the object.
5.3.2
Manipulator Trajectory Generation

This section focuses on how to allow a robot manipulator moves from some initial Cartesian position X0 to some desired ﬁnal position Xf . Usually, the path to
follow is given by the high-level control (for instance, by an automatic path planning module). The path consists of the initial, ﬁnal, and via points that the robot
is going through. A trajectory also includes the time information at which each
joint reaches a certain position, velocity, and acceleration. In other words, the trajectory generation involves time-parameterizing the path given by a higher level
controller. Thus, the trajectory generation module establishes the trajectories to
be followed by each joint with respect to time and in order to meet the user’s requirements, for example, target position, type of trajectory, and time used for the
movement, and so on.
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5.3.2.1 Trajectory Interpolation

k

In most cases, paths are given and formulated in Cartesian (task) space in which it
is easier to deﬁne tasks and the motion of the manipulator. Furthermore, the generation of a collision-free trajectory is also simpliﬁed when working in task space.
On the other side, working on joint space can avoid problems with singularities
and requires less computation. Either case, before sending the commands to the
manipulator joints, the Cartesian trajectory needs to be converted to joint space.
In order to translate a certain Cartesian trajectory into a joint space trajectory,
the inverse kinematics of the manipulator is used. This topic is out of the scope
of this chapter, but two important things need to be kept in mind: the mapping
between a Cartesian trajectory and the joint space trajectory is not unique and
depends on the number of DOFs of the manipulator. That is, several joint space
trajectories might yield the same Cartesian trajectory. In addition, there might
be no solution to the inverse kinematics problem. That might happen because
of singularities of the manipulator or because the target positions are out of its
reachable workspace.
Given either a Cartesian trajectory or a joint space trajectory, it is not possible
to store all the trajectory points in memory and it might not be possible to ﬁnd
an analytical expression to describe it. The usual procedure is then to store the
initial, ﬁnal, and intermediate via points of the trajectory through which the manipulator needs to pass. The conversion between this set of discrete points and
the continuous trajectory points to be sent to the robot is what is called trajectory
interpolation.
The simplest case is the use of a linear interpolator. Given two known points
of the trajectory (and its associated time stamps), a linear interpolator draws a
straight line between them. That function can help ﬁnd intermediate points between the two initial known points. This is a very simple method to compute and
ensure continuity in the position. However, it does not come for free: the velocity is
kept constant between two successive points, which might create abrupt changes
on the velocities between sets of adjacent points and, in theory, it might require
inﬁnite values for the acceleration on those changes. This is one of the common
reasons for jerky robot movements.
In order to avoid those problems, the solution can be to use higher-order polynomial functions to represent the trajectory. A usual choice is a cubic interpolator,
which uses a third-order polynomial; that is, four coeﬃcients are available to describe two adjacent points. In other words, by using a cubic interpolator, there
is the possibility to specify four constraints that determine the cubic trajectory
which are usually the initial and ﬁnal positions (as the linear interpolator) plus the
initial and ﬁnal velocities. Equation (5.26) describes a cubic polynomial:
𝜃(t) = a0 + a1 ⋅ t + a2 ⋅ t 2 + a3 ⋅ t 3

(5.26)

where a0 , a1 , a2 , and a3 are the four coeﬃcients that specify the cubic trajectory.
As an example, given boundary conditions set to zero, that is, initial position and
̇
velocity (𝜃(0) and 𝜃(0))
as well as ﬁnal position and velocity (𝜃(tf ) and 𝜃(ṫ f )(0))
deﬁned as zero, and solving Eq. (5.26) with the previous boundary conditions, we
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obtain the values for the four unknown coeﬃcients as
a0 = 𝜃0
3
a2 = 2 (θf − θ0 )
tf

a1 = 0
2
a3 = 3 (θf − θ0 )
tf

Thus, the cubic trajectory at time t is deﬁned as
𝜃(t) = 𝜃0 +

(5.27)

Figure 5.19 shows an example of using Eq. (5.27) with the input parameters: ini̇
tial position 𝜃(0) = 0, initial velocity 𝜃(0)
= 0, ﬁnal position 𝜃(tf ) = 10 (degrees),
and ﬁnal velocity 𝜃(tf ) = 0 in a total time of 5 s. Notice that the slope at the beginning and end of the curve is zero, corresponding to the given initial and ﬁnal
velocities as zero.
By using such a cubic trajectory, the acceleration between sets of two adjacent
points is kept linear. This might cause problems in some cases, as real robots have
upper limits on the maximum accelerations (i.e., torques) that can achieved. In
that case, other interpolators can be used that keep the acceleration constant or
under a certain limit. For instance, a linear interpolator with parabolic blends can
be used. This interpolator is divided in three parts: a linear part (middle part of
the trajectory) and quadratic functions that deﬁned the beginning and the end
of the trajectory. The interpolator thus blends from quadratic to linear and from
linear to quadratic to keep the acceleration constant. Similarly, a minimum-time
trajectory interpolator can be used, which limits the maximum acceleration to a
desired value and in addition create a trajectory from one point to the next in the
minimum time possible [53].
5.3.2.2 On-Line Trajectory Generation

The aforementioned interpolators are oﬄine computed trajectories, that is, they
cannot be easily modiﬁed during its execution. Sometimes though, it is interesting
to have trajectories that can be slightly (or majorly) adapted during the robot’s
10
Joint position (deg)
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Figure 5.19 Example of a trajectory interpolation between two points using a cubic polynomial.
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motion to deal with a dynamic environment or react to a certain sensor event
[54, 55].
One recent example of such online trajectory generation algorithms is the Reﬂexxes software library [56]. This library can compute jerk-limited motions within
one control cycle so that robots can almost instantaneously react to (unexpected)
sensor events. Since the computations are performed very fast (at around 1 ms),
a new time-optimal state of motion can be calculated for the same control cycle
given an arbitrary initial state of motion and the kinematic constraints in order to
reach a desired target state of motion. The output values can be directly sent to
the low-level controllers thus achieving very reactive motions.
5.3.3
Collision Avoidance

k

Collision avoidance has been traditionally associated with high-level control, especially in the area of path planning, which aims at ﬁnding collision-free trajectories (i.e., guarantee that the robot manipulator reach the target pose without
colliding with the environment). The low-level control described in Section 5.3.4.1
executes those collision-free trajectories.
However, it is obvious that, in dynamic environments, objects might change
their position or obstacles might come into the path of the manipulator between
the time the robot is planning a trajectory and the moment that trajectory is ﬁnally being executed. Ideally then, the low-level control layer should also be able
to react in real-time to possible collisions. One option has been already seen in the
previous Section 5.3.2.2: the connection between sensor feedback and low-level
controllers allows to react instantaneously to sensor events. In this case, that could
be, for example, a certain unexpected force measured on the end-eﬀector.
The seminal work in this area was presented in Ref. [57]. In this article, real-time
obstacle avoidance at low-level control is described based on the concept of artiﬁcial potential ﬁelds. The idea behind the potential ﬁeld forces is that the target
position is an attractive pole for the end-eﬀector and the obstacles on its way act
as repulsive poles. In this case, the low-level control is able to avoid in real-time
known obstacles coming into the path of the moving manipulator. However, as a
local method, it might fall into a local minima, and it did not consider collisions
with the robot itself, apart of the possibility of including joint limits. In Reference [58], a real-time collision avoidance method was also presented which used
a spring-damper model to generate virtual forces when the arm entered an nonallowed area (i.e., obstacle). An outer force–control loop can keep those forces
at zero by modifying the Cartesian position of the end-eﬀector, thus escaping the
collision. In Reference [59], a method for detecting and reacting in real-time to
collisions was shown, which used the total energy and the generalized momentum of the robot to detect anomalies (i.e., collisions) and react fast by moving the
robot away from the collision area. In Reference [60], a fast method to detect collisions between a robot and moving obstacles was presented. The method evaluates
distances between the robot and obstacle directly from depth data of a Microsoft
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Kinect sensor to generate repulsive vectors that disturb the trajectory being executed. The work emphasizes on fast perception of the distances to the obstacle to
achieve a reactive system at the risk of being not necessarily accurate, because the
rationale is control accuracy can be compensated by a fast reaction to an incoming
collision.
5.3.3.1 Self-Collision Avoidance

k

Q8

The previous methods mostly aim at avoiding collisions between a robot and
an obstacle, either static or moving. However, and especially for manipulators
with many DOFs, mounted on an articulated torso, it is also necessary to provide
with some methods that avoid that one or more of the links of the robot collide
with parts of itself. One of the ﬁrst works on this area was presented in Ref. [61],
in which a geometrical approach using minimum distance measurements for
convex hulls is used to detect interference between links. In Reference [62], the
focus is on self-collision method for robots cooperating with humans. In this case,
the self-collision method is based on representing the robot as elastic elements
and adding two priority functions to also consider both task and environmental
constraints during the self-collision avoidance motion. The detection of the
contact between the elastic elements generates a virtual reaction force, which is
used to control the robot motion. An interesting method is shown in Ref. [63], the
so-called skeleton method for real-time self-collision avoidance. In this approach,
a model of the whole robot (the skeleton) is used for analytical computation of
the closest points to a collision along the skeleton, generating repulsing forces via
potential ﬁelds, and computing the required torque commands via the transpose
Jacobian which are added to the driving joint torques. In Reference [64], a new repulsion method based on potential ﬁelds for self-collision avoidance is presented,
which extends the previous work [63]. In this case, a damping is added to avoid
critical situations that caused instabilities and oscillations in the previous method.
Moreover, a mechanism is also included that determines whether the collision is
avoidable via the repulsion method or, instead, if the braking should be activated.
The collision model is based on the concept of swept volumes as referenced later
in this paragraph [65]. In Reference [66], a self-collision velocity-based controller
is proposed with a new distance computation making use of patches of spheres
and toruses, which aim at ensuring a continuous gradient, that is, a smooth
commanded trajectory. Another interesting method is also presented in Ref. [65].
The algorithm checks pairwise for collisions making use of swept volumes of all
body parts. These swept volumes are represented as usual as convex hulls but, in
this case, being extended by a buﬀer radius for an eﬃcient and numerically stable
computation, which could run in hard real-time conditions. The algorithm takes
joint angles and velocities as input and computes whether (and when) a braking
action should start in order to have time to stop the robot before a collision
occurs. The algorithm requires two models: a kinematic model of the robot and
a geometrical model with the robot rigid bodies (collision model). In References
[5, 67], the self-collision mechanism used at the Mars Rovers Opportunity and
Spirit to avoid collisions between the manipulator and the rover is described.
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Those robot arms receive a sequence of planned commands from Earth and
prior to the execution of the movement, each via point both in Cartesian and
joint space are checked for collisions. The algorithm determines whether there
are intersections between the geometric models of the arm and the rover (and
possible payload). The collision checking is also used as part of the ground
validation of the commands that are sent to the rover. In addition, the ground
validation also includes the detection of collisions with the terrain.
5.3.4
High-Level Control Strategies

The high-level control is to plan the path for the end-eﬀector of the manipulator, whereby diﬀerent strategies refer to the LoA of the manipulator operation. As
introduced in Section 1.2, the LoA for any spacecraft or space system’s onboard
operation has been deﬁned by the European Cooperation for Space Standardization (ECSS) in four levels (E1–E4). A planetary robotic manipulator (being a
space system) can, therefore, be designed to operate in all four levels, for example,
under complete user control (or teleoperation) known as the E1 LoA, under semiautonomy known as the E2 or E3 LoA, and full autonomy known as the E4 LoA.
5.3.4.1 Path Planning

k

Q9

In general, path planning determines a path, connecting an initial and ﬁnal desired
conﬁguration of the manipulator, while avoiding the possible obstacles on the way.
Depending on the LoA being used, the robotic manipulator has corresponding
level of onboard capability to ﬁnd and choose which trajectories to use in order to
reach the target end-eﬀector positions.
The planning of a motion for manipulation has been historically divided into a
phase to reason about the manipulator path at a global scale (or called gross motion
planning), and a phase to deal with uncertainties, forces, friction, and alike that
appear when the robot contacts the environment (or called ﬁne planning) [14].
Automatic motion planning is realized by exploring the conﬁguration space using probabilistic algorithms to search for a collision-free path that would connect
start and goal conﬁgurations [68]. Within that area, sampling-based planners are a
group of widely used methods, which use collision avoidance algorithms to search
for robot conﬁgurations that are collision-free. Such planners are not complete as
they cannot guarantee a solution in a ﬁnite amount of time, but provide a weaker
form of completeness: given enough time and if a solution exists, the planner will
eventually ﬁnd it. A typical classiﬁcation sorts the algorithms into multi-query
approaches and single-query approaches. The algorithms in the ﬁrst group construct a roadmap once that can subsequently accept multiple queries. The best
examples are probabilistic roadmap methods (PRM) [69]. The algorithms of the
second group are built online each time a query is made. The best proponents of
this group are rapidly exploring random tree (RRT) algorithms [70]. Alternatively,
the potential ﬁeld-based techniques have been proposed to solve speciﬁc problems in an eﬃcient way [71]. This methodology is derived from methods used in
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obstacle avoidance in which there is no explicit roadmap to be constructed but
a real-valued function represented by potential ﬁelds that can guide the robot to
the goal conﬁguration. The potential ﬁeld is constructed based on the attraction
primitive ﬁeld that attracts the robot to its goal position and repulsive primitive
ﬁeld that pushes the robot away from obstacles.
There are also methods that do not use automatic motion planning. One
example is the central pattern generators (CPGs), which are used for generating rhythmic motion. These rhythmic patterns have been used to perform
manipulation tasks such as hammering, sawing, or playing drums [72, 73] or for
multiﬁngered grasping [74]. Learning approaches have also been developed for
manipulation and grasping [75]. In this area, learning by demonstration [76, 77]
and imitation learning [78] are regarded as appropriate methods for learning, as
humanoid robots have similar kinematics to humans and are primarily designed
to solve human tasks.
The MERs (Spirit and Opportunity) combined ground-based motion planning
sequences (i.e., LoA E1) with autonomous onboard motion planning (i.e., LoA E4)
[5, 79, 80]. The E4 motion planning is only used for the rover navigation on board,
while the robotic arm motion planning is performed on ground at E1 and the onboard software only checks for collisions between arm and rover before executing
the trajectories. For the Mars Science Laboratory rover (Curiosity)’s ﬁrst 7 months’
operation of the robotic, the creation and validation of the arm motion control sequences are responsibility of the rover planners after a plan has been approved by
the ground control station [81], which corresponds to the LoA E2 or E3.
5.3.4.2 Telemanipulation

The case of controlling a manipulator through teleoperation by human operators is
often called telemanipulation. In telemanipulation, the human operator controls
all the movements of the manipulator remotely. In the case that the manipulator
is programmable and able to adapt to the environment by using its own sensors
so that the human operator only needs to communicate intermittently with the
manipulator to supervise it, the operation is also called telerobotics.
In teleoperation, one key element is feeding back the sensor information from
the remote system back to the human operator. The simplest way of achieving
this is to deploy a number of cameras in the remote area. In ﬁne manipulation
tasks, the availability of force feedback from the remote manipulator is useful to
simplify the job of the human operator. In terms of the control, the manipulator in
telemanipulation is known as the “slave” system and the device used by the human
operator is known as the “master” system.
Unilateral Control In the simplest teleoperation, the control strategy used is called

unilateral control whereby there is no feedback from the “slave” back to the “master” and thus the “master” does not require to be equipped with motor units but
just with encoders to measure the joint positions. Such a “master” is usually called
a “passive” master. The name unilateral control comes from the fact that control
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is only performed in one direction, that is, from the master to the slave. The master generates the reference signals (position or velocity), which are sent to the
low-level controllers of the “slave.” The “slave” or the manipulator receives the
reference signals from a remote location instead of from a local control computer.
The control of a teleoperated slave manipulator can be much simpler than the control of a typical industrial manipulator since there is no need for computation of
inverse kinematics or dynamics.
Bilateral Control In order to increase the performance of the teleoperated sys-

tem and ease the job of the human operator, it is beneﬁcial to send force sensor
information from the remote manipulator back to the operator. Such systems allow bilateral control since the reference signals ﬂow in two directions, that is, the
“master” sends position or velocity reference signals to the “slave,” and the “slave”
transmits forces to the operator that are applied to his/her hand or the arm. To
achieve the bilateral control, the “master” needs to be equipped with actuators.
Basically, there are two bilateral control schemes based on the variables used for
the manipulator control:

• Position–position control: This control scheme was ﬁrst proposed and applied

k

by Goertz and Thompson [82] and has been extensively used since then. The
idea behind is to control the master system in a local position control loop
whose position reference is the current position of the slave system as shown
in Figure 5.20a. The slave system is also in position control mode, with its reference signal being the current position of the master system. Thus, this scheme
is completely symmetric in terms of the control.
• Force–position control: This is probably the most popular control scheme in
telemanipulation. Similar to the position–position scheme, the slave is controlled in position by taking as reference signal the current position of the master. However, the master receives a sensory feedback from the force sensors on
the slave, which allows the operator to feel the external forces acting on the slave
as shown in Figure 5.20b.
Performance Parameters There are a number of parameters that allow to assess the

performance of the teleoperation system, as described earlier:

• Stability: probably the most important criterion to take into account. Bilateral
control schemes tend to be unstable, especially when the slave is in contact with
stiﬀ environments; for example, a small change in position might translate into
large contact forces. Another major source of instability is due to the delays in
the communication between the master and slave.
• Error: in position and force between the master and slave.
• Force feedback ratio: deﬁned as the relation between the reaction force between
the slave and the environment and the force generated by the master in order to
reﬂect that force to the operator. The ratio needs to be selected so that it matches
the capabilities of the human operator to avoid fatigue.
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Figure 5.20 Bilateral teleoperation. (a) Position–position control, (b) force–position control.

• Transparency: to achieve the goal of transmitting position and forces between
master and slave in such a way that the operator feels perfectly coupled with
the environment. In other words, the teleoperation system (master, control,
and slave) behaves “transparently” between the operator and the remote
area.
The ﬁrst teleoperated system in space was the experiment ROTEX (RObot
Technology EXperiment) [83], developed by the German Aerospace Center
(DLR) and performed on board the International Space Station (ISS) in 1993.
The robotic “slave” system was a small 6-DOF robot with a length of around
1 m equipped with 6-DOF force/torque wrist sensor, tactile sensors, and stereo
cameras, among others. The robot was controlled in several modes: teleoperated
from the ISS by the astronauts using a TV monitor (i.e., E1), teleoperated from
the ground (i.e., E1), or follow preprogrammed control commands given by the
ground (i.e., E2). The highlight of the control was a multi-local sensory feedback
allowing higher LoA for the robot, as well as the use of predictive “displays” or
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simulations to cope with the transmission delays of up to 7 s when using the
teleoperation from the ground [84]. In a subsequent mission called ROKVISS
[85], a two-joint robotic manipulator was installed outside the ISS in January
2005, which could be teleoperated from the ground via a direct communication
link. Because of the direct link, the communication delay was only around 20 ms,
which allowed the use of a bilateral control strategy using force feedback from
Earth. Due to the fact that the communication window with the robotic arm
was limited to a maximum of 7 min, the system also had an E2 operation mode.
In January 2015, a NASA astronaut teleoperated from the ISS a device located
at the ESA Telerobotics Laboratory on Earth by using a body-mounted joystick
with force feedback capabilities. The focus of the experiment was to understand
the human capabilities for manipulation and to apply forces in a weightless
environment [86].
5.3.4.3 Higher Autonomy (E2–E4)

In case of planetary missions such as on Mars, the typical time delay of communication often impedes the usage of a suitable direct teleoperation of the robot. This
requires the robots to have higher LoA beyond E1 to complete tasks on their own.
In the literature of manipulator high-level control, various strategies (particularly
representing LoA E2 and E3) have been developed, named as, for example, the
supervisory, shared, or traded control. In all cases, the mission is completed by
combining teleoperation and onboard sensory feedback of the manipulator hence
involving operations of diﬀerent LoA.

k

Supervisory Control or E2 LoA In the supervisory control [87], the operator speci-

Q11

ﬁes the high-level plans and initiates them, whereas the robot carries out the tasks
in an automated fashion. As aforementioned, in various Mars missions (containing
the Spirit, Opportunity, and Curiosity rovers) the motion planning for the onboard
robotic arm was performed on ground, and validated and executed by the arm on
itself [81, 88, 89].
Shared Control or E3 LoA In the shared control [90, 91], the robotic system and the

human operator work on the same task together. In this scheme, the human operator generates gross motions, which then get rectiﬁed by the robot using local
sensory feedback. In case of no delay, this feedback gets sent to the operator as
well. In case of major delays, the operator and robot work simultaneously but on
diﬀerent parts of the tasks. An example is the concept of virtual ﬁxtures, that is,
virtual surfaces or objects that are superimposed to the visual and force feedback
of the operator. They act as “active constraints” in the sense that they limit the motion of the robot in order to ease the task and avoid false or dangerous movements.
Imagine the analogy of controlling the mouse pointer on the computer screen: the
remote system (pointer) is controlled by the master (mouse) anywhere inside the
computer screen but cannot leave the limits imposed by the screen frame (virtual
ﬁxture). Thus, the user can focus on the task without worrying about the pointer
going outside the limits or into restricted areas.
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Robot
effectiveness

Semi-autonomous
robot
Fully autonomous
robot
Tele-operated robot
Neglect
Figure 5.21 The neglect curve. (Reproduced from Ref. [95].)

Traded Control or E4 LoA In the traded control [92, 93], the human operator and

the robotic system also work on the same task but at diﬀerent times. In this control
scheme, the robot mostly performs the task autonomously but at certain times the
human can intervene to complete a speciﬁc part of the task, often requested by
the robot itself (e.g., after the robot identifying a unknown situation or task).

k

Designing LoA It is clear that a robotic manipulator can be operated in a range or
a combination of LoA based on mission constraints and task requirements. The
following system-level design of LoA has been investigated:

• adaptive autonomy, if the robotic system has exclusive control over the determination of the LoA;

• adjustable autonomy, if the user can adjust the LoA;
• mixed initiative, where both user and robot have equal responsibility on the
decision of choosing the LoA [94].
There exists a certain relation between the robot’s eﬀectiveness of performing
a task and the level of attention or stress of the operator (indirectly related to the
LoA) [95], as shown by the so-called neglect curve in Figure 5.21. While teleoperated systems achieve higher level of eﬀectiveness if the user is entirely focused on
the task, the eﬀectiveness abruptly drops if the operator loses attention (i.e., “neglects” the system). On the other hand, a fully autonomous robotic system might
have lower eﬀectiveness but that level can remain constant independent of the
level of attention of the operator. A semi-autonomous system is expected to perform somewhere in the midway, with relative high level of eﬀectiveness even when
the level of attention from the operator is relatively low.
5.4
Testing and Validation

Testing and validation are critical to the design and implementation of a planetary
robotic arm. They represent important steps in the design process to ﬁnalize the
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control scheme, to test the operation of the arm in the representative environmental conditions and to validate the design performance. The arm design and testing
activities are inherently linked and form part of the underlying development and
testing strategy established at the beginning of the project, balancing the need for
a realistic yet implementable test scenario.
5.4.1
Testing Strategies

As detailed in Section 2.4, the robotic systems for planetary exploration are expected to face a variety of environmental conditions, for example, air or airless
extraterrestrial bodies, extreme cold or hot temperature. The robotic systems can
also experience a range of gravity, from low-gravity found on asteroids or small
moons to major gravity ﬁelds around planets such as Mars and Venus. The robotic
manipulator system considers gravity as a key environmental factor that inﬂuences its design and testing philosophy. Three testing strategies are available to
count for the gravity eﬀect, each presenting its own engineering and system challenges:

• Design to target gravity: This strategy involves design of the arm to sustain
k

in the gravity ﬁeld of the target planet, which is likely to provide the smallest mass for the arm. However, this approach makes testing more challenging
due to the need to oﬄoad the arm during the validation process. The oﬄoading
setup can use a range of conﬁgurations such as a mass pulley system or balloons
that oﬀset the weight of the arm to mimic the target gravity. However, such setups inherently constrain some aspects of the testing, mainly because the arm
goes through a range of poses that may not be compatible with the oﬄoading
mechanism.
• Self-supporting arm with scaled mass payload: This strategy involves the design
of an arm that can be tested on normal Earth conditions (or at 1 g) but carries a
payload mass scaled to the target gravity. For example, an arm designed to work
on Mars can be tested on Earth with a payload mock-up a third of its mass. This
approach provides a higher mass solution compared with the previous strategy, but allows a wider range of testing solutions, thanks to the elimination of
the gravity oﬄoading rig. The use of typical design margins can to some extent
bridge the gap between the two gravity environments. For example, a Martian
arm could be designed with a motorization actor of 2 (i.e., a joint torque capability is doubled to account for various ineﬃciencies and contingencies in the
system) can be allowed to work on Earth without the margin, limiting the impact
on the arm design (especially the resulting mass).
• Full arm mass and payload: This strategy sees the design of the arm to be fully
compatible with terrestrial testing with its actual full mass payload. This approach produces the highest mass by sizing the arm and its payload for the Earth
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gravity ﬁeld (not for the target gravity), resulting in signiﬁcantly oversized joints.
The operation of the actual payload would provide the mission operators a powerful tool to validate the operation and enable realistic rehearsal of the payload
activities. However, the tuning of the arm control loop will be signiﬁcantly affected by the dynamics of the arm. The higher gravity on Earth does not only
have a damping inﬂuence on arm and joint dynamics but also has an eﬀect on
the ﬂexure of the arm and joints, unlike what is expected to be experienced in
the actual extraterrestrial environment.
Each strategy presented earlier has its pros and cons, aﬀecting mainly the overall system mass as well as the realism of the testing. The “self-supporting arm with
scaled payload” is one that provides a good middle ground, providing enough
scope or testing on Earth as well as minimizing the extra mass required. Most
planetary missions that used a robotic arm had selected this strategy, from the
small arm on Beagle 2 lander to the long arms of the Phoenix and InSight lander
(see Figure 5.22) where the beneﬁts are even greater.

k

k

Figure 5.22 InSight testing with scaled-mass payload.
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5.4.2
Scope of Testing Activities

The purpose of a planetary arm can vary from one mission to the next; however,
it will invariably involve the precise deployment of the end-eﬀector at speciﬁc locations. Whether it needs to place instruments or tools to the target locations or
retrieve samples from the surface before delivering them precisely to the onboard
instruments for processing, the robot must be able to reliably and constantly perform its tasks.
The purpose of the testing is twofold: (i) to physically characterize the manipulator to perform a calibration of its control and (ii) to assess the performance to
execute the task with the appropriate resolution, repeatability, and accuracy which
are deﬁned as follows:

• Resolution is the smallest incremental move the manipulator can produce.
• Repeatability is the measure of the ability that the robot can move back to a pose
(position and orientation).

• Accuracy is the ability of the manipulator to precisely reach a pose in 3D space.
• In addition, with the motion of the arm comes the concept of dynamic accuracy and repeatability that capture the ability of the manipulator to follow a
prescribed trajectory.

k

As discussed by Roth and Mooring [96, 97], three levels of calibration for robotic
arms are used, namely the joint level, kinematic model level, and dynamic model
level.

• The joint calibration focuses on the determination of the correct relationship
between the signal of the joint sensors and the actual joint displacement.

• The kinematic calibration focuses on the physical characterization of the arm to
minimize the impact of geometric errors. These are the errors in the parameters
that deﬁne the geometric relationship between the axes of motion. These stem
from the manufacturing and machining errors resulting from machining tolerances, link length, and joint orientation. Due to the machining techniques, these
can be minimized, but are intrinsically unavoidable. The testing will, therefore,
result in a basic kinematic model on the arm with the correct joint-angle relationships.
• The dynamic calibration ﬁnally focuses on the remaining nongeometric (nonkinematic) errors introduced by the inherent joint compliance, gear backlash,
friction, and link ﬂexion.
While the joint calibration can be performed with a minimal setup, the kinematic and dynamic calibrations require more extensive testing scheme. The calibration of manipulators is a complex operation and a topic investigated extensively
for industrial manipulators. References such as [97] provide thorough descriptions of the process, both functionally and mathematically. Given the signiﬁcance
of kinematic calibration to the planetary robotic arm, it is discussed further in this
section.

k

k

Trim Size: 170mm x 244mm

Gao c05.tex V1 - March 30, 2016 8:41pm Page 298

k

298

5 Manipulation and Control

5.4.2.1 Kinematic Calibration

Once the joint calibration has been performed, the kinematic calibration is followed and concerned with the minimization of the error between the actual pose
and its intended target pose. Once built the arm physical implementation is often
ﬁxed and cannot be changed, but these errors can be mitigated through software.
The process for a kinematic model-based calibration is implemented in four discrete steps [97]:

k

1) Modeling: A kinematic model is generated to provide a mathematical representation of a perfect manipulator. The Denavit–Hartenberg or other methods can be used to describe the properties and relationship between the arm
links and joints.
2) Measurement: Moving onto the real hardware, this activity focuses on the
gathering of the necessary data that will be used to measure errors and ultimately help with their compensation. To this end, the manipulator is exercised across its workspace and the actual position of the tool is compared
with the position predicted by the theoretical model. To perform accurate
measurement of the end-eﬀector position, a number of metrology methods
can be used including single-point or complete pose measurements. Singlepoint measurement, as the term indicates, measures precisely the location of
a single point and can implement theodolites, laser interferometers, acoustic
sensors, or coordinate measurement machines (CMMs). The measurement
process is lengthy and time consuming to change the pose of the arm and
measure its outcome. In recent years, complete pose measurements have been
made easier though the use of optical systems such as a marker/camera setup
that can resolve the position of the markers precisely. These systems can be
implemented in a number of ways including, the use of typical cameras and
ﬁducial markers, IR cameras and active IR illumination of reﬂective markers,
or IR cameras and active IR markers. These systems have seen signiﬁcant development and improvement in recent years both in terms of frequency and
accuracy driven by the needs of the ﬁlm and entertainment industries as a
motion capture (MoCap) system. By capturing the position of a wide range of
points accurately at an appropriate frequency, these systems provide not only
valuable data for the kinematic calibration but also to the dynamic calibration,
allowing the recording of dynamic events such as trajectories, vibration, and
the deﬂections of limbs.
3) Parameter identiﬁcation: To bridge the gap between an idealized model and
the test data, parameter identiﬁcation focuses on the quantiﬁcation of the
kinematic parameters that cause the computed pose to match as closely as
possible the test data. It is in essence an optimization problem that can involve a number of methods, pending on the nature of the errors or the model
(e.g., deterministic/stochastic, linear/nonlinear), and typically involve the use
of least mean square techniques. (See Ref. [97] for more in-depth discussion.)
4) Implementation of compensation: Once the kinematic parameters have been
identiﬁed, the accuracy of the manipulator is improved by the implementation of the new model into the controller. The previous steps of modeling,
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measurement and parameters identiﬁcation address the propagation of errors
from joint to end-eﬀector pose in the forward model, addressing therefore the
forward calibration of the arm. The implementation phase is, therefore, critical to improve the calibration of the inverse model and, therefore, provide
inverse calibration.
5.4.2.2 Beyond Calibration

Calibration in a laboratory environment can provide a good model for a newly
built robotic arm as it is then ﬁt onto its deployment platform. Nevertheless, a
range of environmental and mechanical aspects need to be taken into consideration throughout the lifetime of the robot.

• Launch and landing: During launch and landing, the system is subjected to

k

a range of violent mechanical loads including vibration shocks through pyro
actuation, parachute opening, and landing, and so on. These may aﬀect the mechanical alignment of the structure or elements of the joints.
• Operation: Operation on a robotic platform (such as a rover) may see a range of
shocks due to the platform overcoming rocks and falling from them. Across its
lifetime, wear of the gears and bearing, and possibly the seepage of dust into the
mechanisms can aﬀect the properties of each joint in a diﬀerent way, aﬀecting
the internal friction or the accuracy of the positioning.
• Thermal environment: The operation of the arm across a wide temperature
range needs to take into account the coeﬃcient of thermal expansion (CTE) of
its constituting elements. As materials get warmed up and cooled down, they
contract and expand, which potentially aﬀect the accuracy of the end-eﬀector
placement through displacement or twisting. To mitigate these aspects, the
CTE of various key elements would be matched to minimize local stresses and
deformations across the temperature range.
To monitor and compensate for these errors over the mission lifetime, manipulators can be dispatched to dedicated known locations on the body of the lander
or rover to assess the errors in the system. Through the recording of the ﬁnal
end-eﬀector pose, an in situ measurement step, the kinematic parameters can be
updated to correct these errors and improve the overall accuracy of the manipulator. The future missions are envisaged to implement some level of visual servoing,
making the precise calibration of the arm not as critical as before because the
arm is controlled either by a camera overseeing the operation or placed on the
end-eﬀector (i.e., eye in hand).
5.4.3
Validation Methods

Lack of detailed measurement data and operational experience directly from planetary environment stays behind the diﬃculties in deﬁning the key parameters of
robots that should be evaluated. Moreover, it is even in some cases diﬃcult to
answer the question of where these parameters should be tested: here on Earth
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or rather at the destination? Having in mind these uncertainties and based on the
current knowledge, the following possible phenomena need to be measured before
the operations of the robotic arm are deﬁned:
1) Due to reduced gravity, the lander or rover is weakly connected to the ground.
The manipulator arm motion can generate reactions that are too high to be
transferred to the ground. This eﬀect might be destructive to the lander or
rover’s stability.
2) Due to relatively low stiﬀness on both the structure and the joints of the arm,
the frequency characteristics might be a good starting point to evaluate the
potential inﬂuence of robotic arms on other subsystems (e.g., solar panels or
lander gear).
3) In low-gravity environment, the predominant load of manipulator joints
comes from the dynamics of motion. Therefore a situation, where the torque
crosses zero point and backlash signiﬁcantly aﬀects the arm operations, may
often occur. This eﬀect can be enhanced by speciﬁc tribological behavior of
mechanisms in vacuum.
4) Exploration of planets often includes regolith sampling processes, which is
typically a combined task of manipulator arm and sampling mechanism. Due
to unknown regolith parameters a priori, the interactions between the robotic
arm and the regolith should be tested.
Various methods can be used to simulate some of the eﬀects indicated earlier:

k

• One possible approach to simulate near-zero gravity conditions is to perform
experiments during parabolic ﬂights. During such a ﬂight, an aircraft ﬂies a trajectory that provides about 25 s of free fall.
• The other possibility is to perform tests using drop towers where the maximal
time of experiment is much shorter (in most facilities free fall lasts only up to
10 s, and residual gravity acceleration is around 10−3 –10−6 .
• In case of reduced but nonzero gravity conditions, the use of planar air-bearing
tables ( ABTs) with movable platform might be a possible choice. In such an approach, the test objects (e.g., a manipulator intended for sampling operations)
are mounted on a planar ABT that allows for almost frictionless motion on a ﬂat
surface that is inclined to simulate a certain level of gravity. In eﬀect, the reduced
gravity conditions act properly on the mechanisms in two transnational and
one rotational DOF, and the residual gravity acceleration is around 10−3 –10−5
depending on the type of table’s surface and other parameters. Therefore, disturbances experienced using ABT are smaller compared with using parabolic
ﬂights and most drop towers. Depending on the size of the air container, duration of experiments can last at least several minutes and even up to many
tens of minutes, thus signiﬁcantly longer than the previous two options. The
main disadvantage of using ABT is the limited number of DOFs. As indicated,
the motion can be performed without disturbances in one plane only with two
translational DOFs and one rotational DOF. Special designs allow additional
rotational DOF by taking advantage of spherical air-bearings, but the residual
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Chaser satellite
Manipulator arm

(a)
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k

(b)
Figure 5.23 Two types of ABT conﬁgurations. ABT testbed simulating frictionless motion
around the roll, yaw, and pitch axis. (Cour(a) Flat ABT testbed simulating the chaser
tesy Surrey Space Centre.)
spacecraft during capture maneuver with a
robotic arm. (Courtesy CBK PAN.) (b) Round

gravity impact is then higher and only the ﬁrst-order inﬂuence can be analyzed.
An example of a ﬂat ABT, developed originally to test orbital robots working
in space, is illustrated in Figure 5.23a [98, 99]. The size of table (2 × 3 m) allows for performing complicated maneuvers such as rendezvous maneuvers,
ﬁnal docking, or detumbling of a gathered target [100]. An example of a round
ABT, developed typically for testing spacecraft attitude control, is illustrated in
Figure 5.23b [101].
5.4.3.1 Use of ABTs

The low-gravity planetary application of the ABTs can be achieved by inclining
the table by diﬀerent degrees depending on the target bodies (e.g., for the Moon
is 9∘ , and for Mars’ moon Phobos is just 0.05∘ ). To simulate and analyze the
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Figure 5.24 A lander mock-up installed through a spherical air bearing (SAB) on a cart moving on an inclined ﬂat granite table with air bearings (FRAB), and the lander legs are touching a vertically oriented planetary surface mock-up. (Courtesy CBK PAN.)
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manipulator’s behaviors in such planetary condition, a planar ABT testbed can
be set up using the granite surface as illustrated in Figure 5.24. The lander or
rover mock-up can stand on the cart, which produces air against the granite
table for frictionless movements. The robotic arm on board the lander or rover
can be installed on the side. The arm can be tested to measure the manipulator
and lander interactions including forces, momentum transfer, or induced lander
motion. Given diﬀerent mission scenarios, additional payloads can be added
for simulation, for example, penetrometers, sampling tools or a regolith surface
mock-up [102].
Analysis of similarities and diﬀerences between the ABT and real environment
on a low-gravity body is crucial since not all measured parameters are realistically
reproduced by the testbed. In low-gravity planetary conditions, an unanchored
lander is free to move with 3 DOFs and rotate with 3 DOFs. In this description
as shown in Figure 5.25, the gravity vector is along −z axis and the regolith local
normal to the surface is along +z axis. The lander motion in −z axis is limited by
interactions with the planetary surface. The loads acting on the lander are generated by manipulator dynamics and may create lander’s motion on the surface, and
in some speciﬁc cases the lander rebounds or even escapes from planetary surface. If the manipulator arm’s end-eﬀector interacts with the regolith, the static or
quasistatic reactions may appear in all directions.
It is worth mentioning that interactions between sampling tools, drills or penetrometers with the regolith can create forces and torques through the manipulator arm, which in turn leads to the lander motion with respect to the sampling
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Figure 5.25 A possible conﬁguration of a lander and a manipulator arm on planetary surface. (Courtesy CBK PAN.)
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tool. This can have major impact on the manipulator itself, since its last joint will
be the ﬁrst one with all related consequences such as loads increase and control
issues.
As aforementioned, the motion of the cart with lander mock-up shown in
Figure 5.24 is limited by the ﬂat conﬁguration of the ABT, where both main
motion of subsystems and generated forces/torques also have ﬂat nature. For
example, the test conﬁguration of mock-up lander, manipulator arm, or other
devices should be chosen in such a way that the force generated creates a motion
not aﬀected by the Earth gravity. As shown in Figure 5.26, the forces Fx and Fz
generate lander’s motion in x, z and around 𝑂𝑦 direction, all of which are not
aﬀected by the Earth gravity. In another case where sampling tool generates the
torque Mz and force Fz , the induced motion for the lander mock-up generates
linear motion in x and z direction as well as rotation around the 𝑂𝑧 axis, whose
impact can be analyzed taking advantage of a spherical air bearing (SAB).
However, that type of motion is limited to a couple of degrees hence only ﬁrst
order eﬀects can be analyzed.
In summary, the major advantage of using the ABT as a testbed to validate the
planetary manipulator arm is related to the natural conservation of momentum,
which is helpful to study the interactions between the robotic arm and its housing
platform. The limitation of the ﬂat ABT is the two dimensions used and the fact it
does not allow a full study of elasticity or vibration phenomena and joint friction,
which is signiﬁcantly reduced in the 2D “world.”
The ABT testbed is typically used for testing spacecraft’s attitude control systems or for validating dynamical models and numerical simulations. In addition
to testing algorithms and concepts, ﬂight hardware and engineering models of
sensors and instruments can also be performed. Typical applications that these experiments are related to include rendezvous maneuvers, contact dynamics during
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Figure 5.26 An ABT testbed allowing tests of sampling tool interactions where all major
components of motion induced by forces (Fx , Fz ) are ﬂat. (Courtesy CBK PAN.)

Q12

docking, proximity navigation, guidance and control, and landing for low-gravity
bodies. It is generally a good practice or advisable to perform as many tests on
Earth as possible through testbeds such as the ABTs, and if possible to perform further tests on orbit in genuine space environment (e.g., at the International Space
Station or ISS).
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5.5
Future Trends

This section aims to shed some light on potential capabilities of planetary manipulation robots in the future, hence has chosen to present a number of example
technologies in areas such as the dual-arm manipulation, whole-body control, and
mobile manipulation. Some of these named systems or technologies have been investigated on Earth for some years to support diﬀerent terrestrial applications; for
example, the mobile manipulation has recently emerged and been recognized as
a research ﬁeld of its own merit.
5.5.1
Dual-Arm Manipulation

Dual-arm manipulation is an increasingly important research area where the manipulation robot is equipped with two arms that cooperate with each other to
perform tasks with dexterity similar to that of a human. Driven by the interests of
making more humanoid robots, the two-arm manipulators are also deemed more
eﬀective while performing complex assembly tasks. This can be extremely relevant
to future planetary missions whereby building infrastructure such as the lunar or
Martian outposts for human permanent presence/habitation is envisaged.
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When comes to planning and executing tasks using the dual-arm manipulation,
coordination between the arms is crucial. For example, holding and transporting
an object with both arms requires maintaining the relative pose (position and
orientation) between the arms, which is usually known as planning with constraints. One of the ﬁrst approaches for controlling the dual-arm system used a
master–slave conﬁguration by minimizing the error between the relative poses
of both arms [103]. Another approach used a similar concept [104] with one
robot as a leader and another as a follower. The follower tracks the motion of the
leader while taking into account the constraints imposed by the relative pose to
be maintained. Work by Hayati [105] is one of the ﬁrst that tackled the challenge
to simultaneously control the motion and force of a multiarm system, where
the arm forces are split between the arms. The study in Ref. [106] developed a
closed-chain dynamical model for a dual-arm system. More recent developments
in this subject include [107] where a cooperative control scheme for a dual-arm
system capable of transporting rigid objects was described. The proposed control
scheme integrated force and position control as well as vibration minimization.
Another relevant work presented in Ref. [108] proposed a decentralized control
scheme, which allows a multiarm system to move a single object in a coordinated
way without using geometrical relations between the arms. There have been some
well-known developments focused on dual-arm robotic platforms, to name a few,
the DLR’s Justin robot as shown in Figure 5.27 where a framework to parallelize
the planning and execution of bimanual operations has been proposed [109], or
another German institute Karlsruhe Institute of Technology (KIT)’s humanoid
ARMAR-III robot that oﬀers a redundant two-arm manipulation system [110]
and a solution for eﬃcient motion planning and especially adaptation of those
plans under consideration of the redundancy of the robot [111].
The dual-arm manipulation systems can be combined with additional mobility (such as on wheels or legs), hence leading to more powerful holistic control
strategies. Such whole-body control systems represent promising technologies for
future planetary missions following the footsteps of their terrestrial counterparts.

Figure 5.27 Justin robot. (Courtesy DLR, Creative Commons BY 3.0.)
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5.5.2
Whole-Body Motion Control
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Future, complex, and highly redundant robotic systems are expected to possess
mobility (with locomotion of the wheels or legs, etc.) and manipulation capabilities, whereby these diﬀerent capabilities should not be treated independently
from each other. Hence, the holistic approach that considers control of a complex
robotic system as a whole has been proposed and most popular in recent years.
This approach is also known as the whole-body control. To give an example: in the
case of a humanoid robot walking on two legs, balance has to be guaranteed at all
times especially when the arms manipulate or contact the environment; the option of simply blocking the joints of the legs (and torso) to keep a ﬁxed posture
while manipulating would be a valid solution but a rather ineﬃcient one.
Whole-body control frameworks operate in between single-joint controllers
and possible high-level planners. These frameworks can take care of multiple and
simultaneous control objectives, which is especially relevant for highly redundant
robots as humanoids or mobile manipulators. Moreover, they make use of realtime feedback to control the robot. As a result, robots using whole-body control
approaches are more adaptive and can react promptly to unexpected sensory
feedback signals, resolving at run time for an optimal use of all the available
DOFs.
The origin of whole-body motion generation comes from the generation of
walking for humanoid robots while trying to ensure balance of the system, not
yet considering manipulation or multiple-contacts with the environment other
than those at the feet of the humanoid robot. In early days, a common approach
was to divide the problem into three independent stages [112]: The ﬁrst stage is to
compute a coarse movement for all DOFs. This is usually done by using a motion
tracking system to observe humans walking or performing some actions [113,
114]. It is also possible to use probabilistic path planners, which can generate
automatically a path according to certain constraints and goals [68, 69]. Kinematic
models of humans and humanoid robots might be similar, but their dynamic
models are never the same. For this reason, the second stage is to compute a
physically feasible motion from the observed or computed coarse movement
[115]. The ﬁnal stage is then to provide online stabilization via sensory feedback
during the movement execution in order to deal with unforeseen or unmodeled
dynamics. The ﬁrst approach for generating full-body motion was presented in
Ref. [116] where the authors used a discrete set of foot steps selected by vision
for the locomotion and automatic path planning for the manipulation. Work
using online modiﬁcation of the zero moment point (ZMP) trajectory during
the execution of the motion was also documented in Ref. [117]. More recently
proposed approaches have focused more on generating real-time whole-body
motions.
In References [118, 119], the term “whole-body control” was used for the ﬁrst
time to refer to a ﬂoating-base task-oriented dynamic control and prioritization
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framework that enables a humanoid robot to fulﬁll simultaneous real-time control objectives. Prioritization and coordination of several controllers is achieved
using a hierarchy that handles conﬂicts and selects the one with highest priority.
This approach, in comparison to previous ones, was the ﬁrst one that focuses not
only on the walking but on the manipulation tasks while on two legs. The most
recent work of this team group has been renamed to “whole-body operational
space control” (WBOSC) to avoid confusion from the more broadly deﬁned term
“whole-body control” used nowadays [120]. The system prototype of WBOSC was
also extended to include the possibility of internal force control and is available as
an open-source software named ControlIt! [121]. Figure 5.28 shows the overall
control diagram proposed by WBOSC as well as the joint torque controllers. In
essence, it is a distributed control system in which the joint controllers take care of
the actuator dynamics while the central control or WBOSC remains responsible
for the overall robot dynamics.
A recent work in Ref. [122] presents a generalized hierarchical control, which
is able to deal with both strict and nonstrict priorities in an arbitrary number of
tasks. In dynamical environments, a certain nonstrict priority might become a
strict one and the presented approach enables the possibility of switching task
priorities to deal with those situations. Another prominent approach for wholebody control is based on controlling the robot’s linear and angular momentum at
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each point in time [123], the so-called resolved momentum control (RMC). The
approach taken in Ref. [124] is to use a set of a priori typical basic postures, which
are combined to perform the current task so that it is dynamically balanced and
natural. The software framework iTaSC can also be used to generate whole-body
motions by specifying constraints between parts of the robot, and between the
robot and the environment, allowing the speciﬁcation and sensor-based reactive
control of complex robotic tasks, which require multiple and simultaneous subtasks [125]. An example of its use can be seen in Figure 5.29 [126], in which the
robot AILA makes use of a whole-body reactive control for performing a task
at a mock-up ISS. Similarly in Ref. [127], the framework controls the robot by
using sensor-based control tasks, which are simultaneously executed and synchronized by a so-called “stack of tasks.” Another framework proposed in Ref. [128]
is implemented as a teleoperation system that allows the operator to select and
control only the necessary points of the robot’s body for manipulation. A switching method allows the operator to select speciﬁc point among the body parts and
whole-body motions are then automatically generated based on RMC to maintain
stability and maximize the reaching workspace. The methodology in Ref. [129] is
to observe humans with a MoCap system and generate dynamically stable and
physically plausible whole-body motions from the captured data.
The recent frameworks on whole-body control are mostly used in mobile manipulation (discussed in the following section) and humanoid robots. As long as
manipulation is involved, contacts with the environment are desirable and not
treated as disturbances. The complex robotic systems need to deal with simultaneous multicontact forces (such as between feet or mobile base and the ground,
or between manipulator(s) and the objects being manipulated), with the aim of
keeping balance or an optimal posture. This requires eﬃcient and online control

Figure 5.29 Robot AILA using whole-body control to perform some tasks within a mock-up
International Space Station. (Courtesy DFKI GmbH.)
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strategies based on real-time feedback that can make optimal usage of the redundancy within such robotic systems.
5.5.3
Mobile Manipulation

k

The ﬁeld of mobile manipulation overlaps with the ﬁeld of humanoid robotics both
of which are closely related to the formerly described “whole-body control.” These
ﬁelds of robotics focus on manipulation systems mounted on mobile platforms (either on wheels or legs, with or without human morphology). Unlike whole-body
control that primarily focuses on the optimal selection of the robot’s DOF and the
prioritization and execution of simultaneous subtasks, the mobile manipulation
focuses on the mobile manipulators, which are able to solve complex tasks in unknown, unstructured, and changing environments (such as in outer space). Thus,
mobile manipulation will likely use the whole-body control concepts as a building
block of the mobile manipulator system.
In recent years, autonomous mobile manipulation has emerged to a new
research topic in robotics and been identiﬁed as critical to future robotic applications [130]. Since the research focus of mobile manipulation lies on producing
a new category of robots beyond the current state of the art in order to be able to
solve complex tasks in unstructured and changing environments, the work needs
to deal with the execution of complex manipulation tasks that might require
mobility (such as moving from one location to another) in such challenging
environments. Many robotic solutions have been deployed in well-known static
environments such as factories where uncertainties and unexpected events are
minimized. Future robots that beneﬁt from having mobile manipulation are
expected to be reliable and deployable in the household environment, during
man-made or natural disasters, or for extraterrestrial exploration, and so on.
These robots then need to be able to perform a large variety of tasks in completely
or partially unknown scenarios by acquiring and reusing generic skills which can
be adapted to novel or unexpected situations.
Mobile manipulation aims at maximizing task generality, that is, increasing the
variety of tasks that the robots can autonomously accomplish and, at the same
time, minimizing the dependency on prior information about the environments
in which robots are deployed. The main challenge similar to most robotics
research is about how to integrate various subsystems together (including the
perception, manipulation, planning, control, cognition, artiﬁcial intelligence, and
mobility, etc.) so that the mobile manipulation system is able to cope with a wide
range of real-world situations.
5.5.3.1 Mobile Manipulators as Research Platforms

Some notable examples of existing terrestrial mobile manipulators include (but
not limited to) the following:
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• The PR-2 robot developed by Willow Garage [131]. This is a dual-arm robot

•

•

•

•

k

with an omni-directional mobile base. It includes a variety of sensors such as
tilting laser scanner on the head, laser scanner on the mobile base, two pairs of
stereo cameras, and an IMU located inside the body. Currently, the PR-2 is probably the most advanced autonomous mobile manipulator capable of performing
complex manipulation and navigation tasks.
The “butler” robot HERB developed at Intel Research Labs in collaboration with
Carnegie Mellon University [132]. This is an autonomous mobile manipulator
that was designed to perform complex manipulation tasks in the home environment. The robot is able to search, recognize, store new objects as well as
manipulate door handles and objects, and navigate in cluttered environments.
The Rollin’ Justin developed at the DLR Institute of Robotics and Mechatronics
[133]. Justin is a progressive development whose two arms were initially built on
the lightweight arms from DLR (LWR-III) and was later equipped with a mobile
base to enhance the robot’s ﬁeld of work.
The UMan from the Robotics and Biology Lab at the University of Massachusetts Amherst [134]. This robot consists of a modiﬁed Nomadic XR4000
holonomic mobile base with 3 DOFs, a WAM 7-DOF manipulator arm, and a
4-DOF hand from Barret Technologies.
The robot AILA developed at DFKI Robotics Innovation Center [135]. This
robot is a mobile dual-arm system developed as a research platform for mobile manipulation. AILA has 32 DOFs, including 7-DOF arms, 4-DOF torso,
2-DOF head, and a mobile base equipped with 6 wheels, each of which has 2
DOFs.

5.5.3.2 DARPA Robotics Challenge (DRC)

The DRC and its latest competition in 2015 set the benchmark of industrial robotic
platforms for mobile manipulation [136]. The competition has been organized by
the US Defense Advanced Research Projects Agency (DARPA) and aims to promote and foster development of semi-autonomous robots to perform complex
tasks in realistic disaster scenarios. The involved tasks include driving a vehicle,
walking among rubble, removing debris blocking the way, opening doors, climbing
a ladder, using tools to drill a hole on the wall and rotate a valve. The competition
was initiated in 2012, had a ﬁrst virtual challenge that took place in 2013, and later
on two live demonstrations including the trials in December 2013 and the ﬁnals
in June 2015. For the trials, most of the teams used teleoperated systems for solving most of the tasks. At the ﬁnals, 25 robotic systems from diﬀerent countries
participated among which some robots applied certain LoA. In this ﬁnal competition, three teams scored the maximal attainable number of points (see photos in
Figure 5.30), including the following:

• The KAIST team from South Korea and their robot Hubo, which has been developed since 2002 and whose complete and more powerful version was specifically designed for the DRC competition. The biped robot has a total height of
180 cm and a mass of 80 kg.
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(c)
Figure 5.30 DRC robots in 2015 ﬁnals.

• The Tartan Rescue team from United States with their robot Chimp, which was
developed at Carnegie Mellon University, is 150 cm in height and weighs 201 kg.
Chimp combined high-level operator commands with certain low-level autonomy (e.g., autonomously plan and execute joint and limb movements or grasps).
The robot rolls on four legs using rubber tracks such as a tank. In order to manipulate, the robot then stands up on two legs and manipulates with the front
limbs.
• The Florida Institute of Human Machine Cognition (IHMC) Robotics team
from United States with their Atlas robot Running Man, which was developed
by Boston Dynamics and made available for the IHMC team participating at
the DRC. The biped robot is 190 cm in height and weights 175 kg.
The ﬁnal decision of the winner was judged by which robot used the least time
to perform all tasks; hence, the ﬁrst place went to the KAIST team.
5.5.3.3 Mobile Manipulators for Space

NASA’s Johnson Space Center (JSC) has built a humanoid robot (initially named
Valkyrie, latest prototypes known as “R5,” see Figure 5.31). During the DRC competition, JSC collaborated with the University of Edinburgh and the IHMC on
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Figure 5.31 NASA’s R5 or Valkyrie robot. (Courtesy NASA.)

its control. However, the status of R5’s development did not allow the robot to
show its full capabilities during the competitions (in fact, the robot only participated without much success on the trials). In November 2015, NASA awarded two
Valkyrie robots to two university teams (i.e., MIT in Cambridge and Northeastern University in Boston) in preparation for an upcoming NASA’s Space Robotics
Challenge (SRC) that aims to explore the technology readiness level of sending
humanoid robots into space, speciﬁcally to Mars. As reported in a press release,
NASA’s interest in humanoid robots is driven from the observation that they have
huge potential to eﬃciently operate in human-built environments and eﬀectively
cooperate with astronauts. The robots developed for the DRC demonstrate commonalities between robots designed to work in a disaster scenario and those for
the extreme environments such as the planetary bodies. The tasks that the Valkyrie
robots need to fulﬁll at the SRC are not yet released at the time of writing this
book, though initial ideas have been made public. It is envisaged that in 2017 the
two robots need to compete against each other by performing various tasks such
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as exiting a habitat and using a ladder, removing cables from one storage and attaching them to another location while traversing irregular terrain, repairing of
components such as a broken valve or a tire, and collecting samples of soil or rocks
as typically seen in planetary missions.
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