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Nonprehensile Dynamic Manipulation: A Survey

Fabio Ruggiero

Abstract—Nonprehensile dynamic manipulation can be reason-
ably considered as the most complex manipulation task. It might be
argued that such a task is still rather far from being fully solved and
applied in robotics. This survey tries to collect the results reached
so far by the research community about planning and control in the
nonprehensile dynamic manipulation domain. A discussion about
current open issues is addressed as well.

Index  Terms—Nonprehensile dexterous

manipulation.

manipulation,

1. INTRODUCTION

OBOTIC manipulation has drastically improved during
R the last decades: thanks to the increase of powerful tech-
nology in both sensing and actuation, it has become possible
to manipulate different kinds of objects in a fast way. Never-
theless, the sought human dexterous capabilities are still out
of reach for robots. A taxonomy about manipulation is briefly
recapped in [1].

Kinematic manipulation can be analyzed using only kinemat-
ics, and every motion of the manipulated object can be obtained
by the knowledge of the movements of the robotic hand. An
example might be the programming of a pick-and-place oper-
ation based on a purely kinematic representation of the task.
Static manipulation is instead studied through both kinematics
and static forces. An example might be the object grasped by
a parallel-jaw gripper where frictional forces are required to
verify stability. Quasi-static manipulation makes use of kine-
matics, static and quasi-static forces, like frictional forces in
sliding contacts. An illustrative example might be pushing an
object on a table. Within dynamic manipulation, forces due to
accelerations play a relevant role along with kinematics, static
and quasi-static forces. A simple example is the balance of
a rolling object on the palm of the hand. It is thus apparent
that each level of the taxonomy encompasses the previous one.
Hence, a dynamic manipulation task deals also with kinematic,
static and quasi-static sub-problems.

The literature related to robotic grasping mechanisms and
dexterous manipulation recognizes two main characterizations
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of grasp restraint: form closure and force closure [2]. The former
means that an analysis of the contacts reveals that even infinites-
imal movements of the object are prevented, i.e., the object is
immobile. The latter, instead, means that there exist contact
forces, feasible with the considered friction models, counteract-
ing any external wrench applied to the object. It goes without
saying that form closure implies force closure.

While an object is subject to bilateral constraints in case
of a set of contacts satisfying either form or force closure, a
manipulation task is said to be nonprehensile if the object is
subject only to unilateral constraints [1]. In this case, the object
can still be manipulated by the hand, but it is possible neither to
prevent any infinitesimal motions of the object nor to resist all
external wrenches applied to it. Think again of an object held by
the palm of a human hand: the object is sustained, and it is not
dropped; however, it is not possible to resist to a force lifting up
the object, while it is possible to manipulate it by either moving
the hand or breaking the contact by throwing.

Having the above definitions in mind, it is possible to
describe a nonprehensile dynamic manipulation task. This is
an action where the object’s motion is not strictly constrained
to follow the movement of the hand. The object is then subject
only to unilateral constraints and, in order to accomplish
the manipulation goal, the dynamics of both the object and
the hand manipulating it, the related kinematics, static and
quasi-static forces play a relevant role. Pushing objects, folding
clothes, cooking in a pan, bringing a pitcher on a tray, and
performing some surgery operations are examples of dynamic
nonprehensile manipulation tasks.

This survey tackles three main aspects related to the appli-
cation of dynamic nonprehensile manipulation in robotics: the
benefits of investigating such kind of sophisticated manipulation
actions; the approach employed so far in the literature to deal
with dynamic nonprehensile manipulation and the related state
of the art; and a general discussion related to current open prob-
lems. To the best of the authors’ knowledge, the present letter
is also the first complete survey on the topic. Other reviews are
given in [3] and [4].

II. OVERVIEW ABOUT NONPREHENSILE DYNAMIC
MANIPULATION IN ROBOTICS

Some manipulation tasks are intrinsically prehensile like
(un)screwing a bottle cap. Others are instead inherently non-
prehensile, like carrying a glass full of liquid on a tray. Some
other manipulation tasks can be alternatively achieved in both a
prehensile and a nonprehensile way: if an object on a table has
to be moved from position A to position B, one can either grasp
the object and move it (pick-and-place), or (s)he can push the
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object from A to B. Finally, manipulation tasks can also need
both prehensile and nonprehensile actions. An illustrative exam-
ple is given by the cascade juggling pattern where a juggler has
to throw a ball with one hand (nonprehensile operation), while
the other hand has to firmly catch another ball (nonprehensile
for the dynamic catching part and prehensile when the ball is
grasped between the fingertips).

In general, robot manipulators are very efficient in pick-and-
place operations. This is reasonable since once the robot has
firmly grasped the object between the gripper’s fingers, it can
rely upon its position accuracy capability to move the object
without the need of continuously sensing the state thereof [5].
The manipulation capabilities are thus strongly related to those
of the robot. Although the robot dynamics can be fully ex-
ploited during pick-and-place operations, the object is con-
strained within the robot workspace. Nonprehensile dynamic
manipulation offers instead several advantages [4]:

® since the manipulated object has not to be firmly grasped,
then it is possible to use simpler manipulators structures
because it is sufficient to use any available surface of the
robot to manipulate the object through proper forces;

e the workspace can be increased since the continuous con-
tact between the robot and the object is not always required
within a nonprehensile dynamic manipulation task (e.g.,
the robot may throw the object and dynamically catch it
thereafter);

® since the degrees of freedom of the object are no longer lim-
ited by the ones of the manipulator because of a form/force
closure grasp, then it is possible to control more degrees
of freedom than the manipulator itself, increasing in this
way the dexterity of the manipulation process.

The price to pay for these benefits is the increase of com-
plexity in planning and control since the whole dynamics have
to be adequately taken into account. Moreover, nonprehensile
dynamic manipulation tasks may be hybrid, i.e., they exhibit
non-smooth dynamics. As a matter of fact, it is possible to think
of a situation where the contact between the manipulator and the
object changes: initially the object sticks on the manipulator’s
surface, then it can slip on it and, later, the contact can be lost
since the manipulator may throw the object. As a result, given
the (possible) non-smooth dynamics of the system, the purposes
of the planner and the controller are the generation of suitable
trajectories (e.g., a sequence of contact states) to lead the system
along the desired (time-varying) goal [6].

From an analysis of the related literature, it is possible to fig-
ure out that the conventional way to cope with a nonprehensile
dynamic manipulation task is to split it into simpler subtasks.
These are usually referred to as nonprehensile manipulation
primitives. Therefore, a typical nonprehensile dynamic manip-
ulation task is a proper planned sequence of these primitives.
Each primitive should be equipped with an appropriate motion
planner and a controller, while a high-level supervisor has to
switch between the various tasks suitably. In the following, a
list of such possible primitives is given [1], [6].

® Throwing: the manipulator has to throw the object in a
desired location, possibly with a desired orientation. This
primitive leads the object from a steady-state configura-
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tion attached to the manipulator to a complete freedom
situation in a free-flight condition. The primitive is thus
modeled as a hybrid system, establishing several problems
like the lack of either the existence or the uniqueness of
solutions, difficulties in performing proper and trustworthy
simulations, controllability issues, scalability hurdles and
SO on.

® Dynamic catching: the manipulator has to dynamically
stop the object on its surface by dissipating the energy of
the impact without using any form or force closure grasp.
As an example, one may think to a thrown ball that is
caught in the palm of the hand without closing the fingers
on it. This primitive is referred to as a dynamic grasp, and
it exhibits non-smooth dynamics: hence, related problems
are similar to the throwing task.

® Batting: this primitive combines dynamic catching and
throwing in a single collision. An illustrative example is
the rebound of the ball with the baseball bat. Iterative
batting motion primitives may create juggling or dribbling
tasks.

® Pushing: the manipulator pushes the object towards the
desired configuration. Friction plays a critical role, and this
establishes several issues: friction identification is indeed
a difficult challenge. Hence, robust controllers are often
designed, but nonlinear controllability is not easy to verify
when friction is addressed. Reliable planners are crucial as
well.

e Sliding: the motion of the objects sliding on the surface
of the manipulator can be controlled using friction forces,
as the robot moves or vibrates like in the parts reorienting
task using vibratory systems (i.e., the Stewart platform).
Since friction plays a vital role for this primitive, related
problems are similar to the pushing task.

® Rolling: the object rolls upon the surface of the manip-
ulator. Assuming to consider only pure rolling, the con-
straint is holonomic in case of 2D scenarios, like the
ball-and-beam and disk-on-disk systems; the constraint
becomes nonholonomic in case instead of 3D situations,
like the ball/disk-on-plate examples. Nonholonomic con-
straints complicate system dynamics. The major issues
are related to the controllability analysis and the con-
troller design, yielding to either time-varying or switching
solutions.

The following section reviews the state of the art for each
of the aforementioned nonprehensile manipulation primitives.
Notice that, in the literature, it is possible to find references
to other nonprehensile manipulation primitives, such as snatch-
ing [1], tapping [7], etc. However, it is possible to see them as a
combination of the ones listed above.

III. MANIPULATION PRIMITIVES

A. Throwing

Three stages can be identified within the nonprehensile throw-
ing manipulation primitive: the acceleration part, in which the
robot confers to the object an initial velocity/acceleration and
both are in contact; the release part, where the object’s degrees
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of freedom are released; and the free-flight part, in which the
object separates from the manipulator. During the first phase,
the robot motion is planned so that the object can reach the de-
sired state (position, velocity, and acceleration) for the release.
During this stage, either the object can be firmly grasped by the
gripper, or it can merely be in contact with it in a nonprehen-
sile configuration. From the considered grasp, the second stage
changes. If the object was simply in contact, the object could
be released instantaneously: the free-flight condition for the ob-
ject immediately starts. If the object was instead firmly grasped,
then the gripper gradually relaxes the grasp around the object
that appears in a free-flight condition after a certain amount of
time. Think of a baseball pitcher: he can impart a significant
angular velocity to the ball since, before the release, the ball is
allowed to roll out of his hand [1].

Reviewing the literature, throwing a club with a robot has
been one of the very first example investigated by the robotic
community [1]. Learning approaches are instead studied in [8].
Recently, tossing of a deformable object has been tackled in [9]:
a coordinate-free method is employed to model the dynamics
of both the robot and the deformable object. Finally, the task of
striking an object that is allowed to slide on a surface can be
considered as a kind of 2D throwing [7], [10].

B. Dynamic Catching

Dynamic catching is a primitive aimed at stopping a thrown
object upon the surface of the robot in a nonprehensile con-
figuration. As highlighted in [1], dynamic catching would be
theoretically similar to throwing with reversed time in case the
system was energy-conserving. In practice, due to the uncertain-
ties about the arrival state, energy dissipation is instead crucial
to cease the motion of the object upon the manipulator’s surface.

The collision between the object and the robot can be either
inelastic or elastic. In the former case, the object’s energy is
absorbed in a certain amount of time due to the material of
the manipulator’s surface and/or the material of the object’s
surface. In this way, rebounds can be avoided. However, this
complicates the control design. On the other hand, an elastic
collision unavoidably creates a sequence of bounces with the
final objective to stop the object’s motion. Elastic collisions can
then be regarded as a particular type of batting manipulation
primitive (see next subsection) with the purpose of making the
object motionless.

Reviewing the literature, a sequence of collisions is planned
for a ball through energy-absorbing padding [11]. Three differ-
ent approaches are used in [12] to palm a ball on a planar paddle.
A motionless surface is instead considered in [4], where the final
state of the object is chosen to make the catch robust. The surface
is instead active in [13] to dynamically catch a basketball on a
planar paddle mounted on the end-effector of an industrial robot,
and in [14] where imprecise knowledge of the object state is ad-
dressed. A non-spherical object is instead considered in [15] for
the devil stick task, where a thrown stick has to be dynamically
caught by another actuated stick. Regarding inelastic collisions,
an optimal trajectory in S E(3) is planned for the end-effector to
catch a falling deformable object [9] dynamically.
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Notice that absorbing the energy of a thrown object is also an
issue faced by researchers working with prehensile grasps, as in
the ball catching applications [16].

It is worth noticing that both throwing and dynamic catching
tasks are usually not considered standalone, but they merge in
the batting primitive as described below.

C. Batting

Batting absorbs the two previous primitives in a single colli-
sion. No doubt, the most famous examples are the baseball and
the table tennis games, where the stick/paddle intercepts the ball
and simultaneously redirects it.

By reviewing the literature, a commercial PUMA 260 has
been among the first industrial robots to play table tennis game in
real-time [17]. A low-cost ping-pong player prototype is instead
proposed in [18]. A high-speed and reactive motion trajectory
planner is described in [19], where the batting task is accom-
plished by modifying the hitting point through visual feedback.
As evident in [20], also bipedal robots can be used to play the
table tennis game: in that work, an optimal momentum compen-
sation approach is used to cancel the momentum generated by
the arms to bat the ball. An approximated hybrid aerodynamics
of the ball is taken into account in [21] to bestow the ball with
the desired spin, too. An optimal trajectory planner with the im-
posed spin is also considered in [22], where full aerodynamics
of the ball is employed within an optimization problem, and
the trajectory of the paddle is directly planned on SE(3). Table
tennis games have also been addressed from the artificial intelli-
gence community through learning techniques [23]-[26], fuzzy
systems [27] and probabilistic approaches [28]. Nonprehensile
batting applications can also be found within aerial robotics: an
open-loop trajectory and a Kalman filter are employed in [29]
to guide the quadrotor towards the predicted impact position; a
commercial drone is instead used in [30] along with learning
techniques to estimate where and when hit the ball; an optimal
trajectory generation method is adopted in [31] so as to obtain
a minimum-jerk trajectory.

A periodic application of the batting manipulation primitives
creates a juggling or a dribbling task. In the former, the object is
simultaneously caught and thrown towards a receiving actuated
platform performing in turn, and iteratively, the same action. An
example is given by the single- or double-paddle juggling [32].
In the latter, the object is redirected towards a fixed surface:
the continuous batting of the robot and the consequent rebound
on the surface creates the dribbling task. A simple example is
given by a basketball player repetitively bouncing the ball on
the ground [33].

By reviewing the juggling literature, the stabilization of a
puck which is juggled by a bar actuated by a revolute joint is
investigated in [34] and [35]. A similar robotic platform is em-
ployed in [36] to demonstrate the juggling of a planar disk in a
gravity field stabilizing the desired limit cycle. Some feedback
control strategies are employed in [37] to continuously bounce a
ball in the air, also discussing robustness properties due to para-
metric uncertainties. A multiple balls juggling task is addressed
and experimentally validated in [38]. A hybrid control algorithm
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able to track a periodic reference trajectory is instead proposed
in [39]. The so-called blind juggler is presented in [40]. The idea
is to completely rely on the suitable design of the mechanical
structure of the robot to repetitively bounce a ball without using
any external sensor. The concept of iteratively passing objects
between two hands or two manipulators is also an example of a
juggling task based on the batting manipulation primitive [41]-
[43]. Finally, learning aspects in juggling tasks are examined
in [32], [44]-[46].

About the dribbling task, a one-degree-of-freedom elastic
robot is considered in [47]: the ball motion is modeled as a
hybrid system, while a simplified robot model is derived from
studying the essential elements of the resulting dribbling cycles.
Notice that the presence of the elastic component intrinsically
extends the contact time between the ball and the robot. A
similar concept has been exploited in [33], [48]: in this way, the
ball can be controlled in a continuous time fashion instead of
coping with issues related to the hybrid nature of the intermittent
contacts.

D. Pushing

Pick-and-place operations are not always feasible. In those
cases in which the object is too heavy or too large to be grasped,
other solutions have to be considered. Pushing an object is a
simple solution widely adopted by humans, and the same con-
cept can be thus transferred to robots. As described in [49], the
control problem is made difficult by some indeterminacy about
the presence of friction forces, also causing an unpredictability
of the precise object’s motion.

By reviewing the related literature, a complete survey about
the pushing manipulation primitive before 1996 can be found
in [49]. It is worth remarking that within [49] it has also been
demonstrated that, supposing to have a non-zero friction coeffi-
cient, for any polygonal object there exists an edge from which
the object is controllable through stable pushes (the object re-
mains in contact with the manipulator pushing it). A sufficient
condition to switch between edges is also provided. Necessary
and sufficient conditions are instead found in [50] for small-time
local controllability. A quasi-static analysis is employed in [51]
to suitably plan 2D manipulation through pushing operations,
interrupted by some tumbling actions, under Coulomb friction
assumption. The method has been extended in [52] to cope with
computational burden and control mode of the single fingers.
A global rapidly-exploring random tree (RRT) together with a
local planner is introduced in [53] to plan sequences of pushes
steering the object towards the desired position and orientation.
The RRT approach is also employed in [54], in which the planner
explores the configuration space by randomly sampling dynamic
nonprehensile pushing actions and utilizing a black box physics
models to predict the outcomes of the planned actions.

The presence of obstacles is addressed in [55]: the object
exploits the compliance given by the environment. An object
can also be pushed away because it is itself an obstacle to-
wards the reachability of another object that has instead to be
grasped. Such a problem is addressed within the push-grasping
task in [56]: the robot manipulator pushes away the obstacles
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during the approaching path for object grasping. A similar idea
is also adopted in [57].

When a mobile manipulator pushes an object, the stability
of the robot has to be considered as well. For instance, if a
humanoid pushes a heavy object, conditions regarding the in-
ternal forces and the position of the foot preventing the robot
from sliping have to be found [58]. Body posture and contact
placements are examined in [59] for object pushing through a
wheeled dynamically balanced robot.

Finally, pneumatic manipulation using air-flow may fit the
pushing nonprehensile manipulation primitive. In this case, the
contact is established between the air gust delivered by the robot
and the object: there is not a direct touch between the manipula-
tor and the manipulated part. A survey about this specific topic
is available in [60].

E. Sliding

This primitive is often referred to as vibratory-induced or
friction-induced manipulation . The sliding behavior is indeed
exhibited in other manipulation primitives like pushing, where
friction and supporting forces are relevant as well. However,
sliding might be distinguished from pushing by whether the ob-
ject is moved by the motion of the supporting surface or by the
action of a separate pusher. Moreover, the nonprehensile push-
ing manipulation primitive is addressed from a quasi-static point
of view. Vibratory- or friction-induced manipulation is instead
discussed from a dynamic point of view, and then the effects of
sliding and friction are considered differently. Therefore, to be
consistent with the rest of the letter, the term sliding is preferred.

The vibration of a three-degree-of-freedom platform can cre-
ate virtual force/velocity fields on its rigid horizontal plate as
proved in [61] and [62]. This virtual field is generated by asym-
metric periodic plate motions such that the resulting net force,
including friction, is non-zero on the manipulated object. The
work has been extended in [63] using a six-degree-of-freedom
actuated platform. Virtual fields able to move the desired ob-
ject(s) on an attraction/repulsion line are investigated in [64].
These fields are often referred to as squeeze fields, and they
have also been examined in [65]-[68]. The proof that every pe-
riodic plate motion maps to a unique asymptotic velocity field
is provided in [69]. Further types of virtual velocity fields are
instead introduced in [70]. The effect of anisotropic friction on
vibratory-induced velocity fields is analyzed in [71].

By taking inspiration from the pizza chefs, a two-degrees-of-
freedom platform is used in [72] to create a virtual force field
on a peel to translate and rotate a rigid disk. Such work has been
extended to cope with deformable objects in [73], a sheet-like
viscoelastic object in [74] and a thin rheological object in [75].

F. Rolling

Once the friction between two surfaces in contact is such that
there is a direct proportionality between the linear and angular
velocity of the rolling object, while twist motion is not allowed,
then the assumption of pure rolling holds. In case the object
can freely roll subject only to unilateral constraints, then it is
possible to talk about the nonprehensile rolling manipulation
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primitive. Inevitably, local rolling motion places a restriction on
the relative curvature at the contact point. However, a nonpre-
hensile pivoting action, i.e., rotating an object around either a
corner or an edge, can be treated as rolling [52], [76].

If the rolling object is a sphere, the related literature becomes
wider. It is worth splitting the analysis in case of planar (holo-
nomic) and spatial (nonholonomic) examples.

1) Nonprehensile Holonomic Rolling: For this class of non-
prehensile manipulation primitive, many illustrative examples
have turned into benchmark platforms for testing different con-
trol approaches and methodologies.

In the ball-and-beam system, a sphere freely rolls upon a
bar pivoting at a point that is actuated by a motor. The rolling
sphere has just one degree of freedom, but it is possible to show
that feedback linearization cannot be applied. An approximate
input-output linearization is proposed in [77], while an out-
put feedback controller is investigated in [78]. A flatness-based
approach with an exact feedforward linearization is instead in-
troduced in [79]. The so-called passivity-based control (PBC)
based on an interconnection and damping assignment (IDA) is
applied in [80], modifying both the related potential and kinetic
energies. Stable and robust oscillations of the rolling sphere on
the linear beam are obtained in [81], while a redundant manip-
ulator is employed in [82].

An evolution of the ball-and-beam system is given by the
disk-on-disk, where the linear-actuated beam is replaced by a ho-
mogeneous actuated disk that has to balance the upright disk in
full gravity. A feedback stabilization control is designed in [83],
while a backstepping approach is employed in [84] to stabi-
lize the upright position of the free rolling disk. An IDA-PBC
approach is instead introduced in [85], while a passivity-based
technique to deal with matched input disturbances is addressed
in [86]. The case where the actuated disk is not homogeneous
is referred to as circular ball-and-beam [87].

The so-called butterfly robot is a further complication of the
shape of the actuated surface. This is inspired by a juggler’s skill
in which the ball starts in the palm of the juggler’s open hand.
By accelerating and adequately shaping the hand, the juggler
can roll up the ball on the fingers top, and then down to the
back of the other side of the hand. From a robotic point of view,
the analysis of proper shape to perform such an experiment
is studied in [88], in which a feedforward motion solution is
also found. Energy-based control is proposed in [89], while an
elegant controller to stabilize the periodic motion is designed
in [90].

Finally, planning and control on generally curved shapes are
investigated in [91]. The shape of the manipulator and the related
motion are optimized in [92] through a nonlinear optimization
problem handling splines. Nonprehensile rolling systems where
the object’s center of mass does not coincide with its geometric
center are analyzed in [93]. The assumptions such that a general
planar nonprehensile rolling system must have to be input-state
linearizable are found in [94].

2) Nonprehensile Nonholonomic Rolling: The ball-on-plate
gives the most illustrative example of a nonprehensile nonholo-
nomic rolling system. The primary objective is to steer the free-
rolling sphere toward the desired position and/or orientation or
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along a desired path. The kinematics of rolling contacts is firstly
introduced in [95]: using chart representation and differential
geometry tools, the motion of a contact point over the surfaces
of the rolling object in contact with the plate can be described. It
is worth pointing out that most of the works addressing the ball-
and-plate application consider the prehensile case obtained by
caging the sphere between two plates [96]-[99]. Usually, in that
configuration, one plate is actuated while the other one is fixed.
Nevertheless, by dismissing the fixed plate, the ball-and-plate
application is addressed as a nonprehensile rolling manipula-
tion system in which the ball is controlled by the sole support-
ing moving plate. Therefore, position control of a basketball
on a plate is addressed in [100]. An analysis of the kinematics
of rolling, based on a coordinate-free approach, considering the
cases of either pure rolling or twist-rolling, is proposed in [101].
A single actuator is instead employed in [102] to control a rolling
ball in an asymmetric bowl.

An extension of the disk-on-disk system to the 3D case is
given by the stabilization of a ball free to roll on an actuated
sphere in full gravity. The stabilization of the upright ball is
obtained through a linearization around the equilibrium point
in [103]. A feedback linearization and a sliding mode controller
are instead derived in [104].

The hula-hoop task belongs to the nonprehensile rolling prim-
itive as well. From a robotic point of view, this can be schema-
tized through a hoop freely rolling around an actuated pole. A
first mathematical derivation is proposed in [105] without tak-
ing correctly into account the nonholonomic constraints. This
issue is overcome in [106], in which a control approach without
velocity measurement is proposed. A formal mathematical anal-
ysis which guarantees ultimate boundedness of all coordinates
is developed in [107].

IV. DISCUSSION AND OPEN PROBLEMS

Advancements in the domain of robotic nonprehensile ma-
nipulation have been relatively slow. Two main reasons can be
identified: i) technology has provided fast actuation and reli-
able sensing to deal with problems placed by nonprehensile
manipulation only within the last decades; ii) nonprehensile
manipulation encompasses so many different types of manip-
ulation, and the lack of a reliable theoretical background, pre-
venting the development of a community growing around some
well-established concepts, limits the applications to strewn re-
search centres creating ad-hoc solutions for particular tasks.
Several control problems in nonprehensile dynamic manipula-
tion are listed in [6]. These span from defining reasonable and
testable controllability notions; identifying feasible assumptions
in which some applications can be reduced from dynamic and/or
quasi-static systems into kinematic ones; generating suitable
trajectories for non-smooth and hybrid systems; and stabilizing
desired trajectories and equilibrium configurations. From the
above literature review, it is not difficult to argue that much
progress has been made during the last decade regarding the
above list of problems. Nevertheless, there are still three main
aspects that are not yet fully solved.
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The first aspect is indeed the lack of a general unified theo-
retical framework in this field, determining the design of ad-hoc
controllers to solve the aforementioned nonprehensile manipu-
lation primitives task by task. Within the prehensile manipula-
tion domain, for instance, the grasp matrix tool is the starting
point to analyze the stability of a grasp and a prehensile manip-
ulation task. The equivalent to the grasp matrix does not exist
within the nonprehensile manipulation domain. Nonetheless,
the IDA-PBC has been recently identified as a possible unify-
ing approach at least for the rolling nonprehensile manipulation
primitive [108].

The second aspect is the recurring adoption of assumptions to
mathematically model a nonprehensile system as a prehensile
one. Such approach simplifies the control law design. To better
explain the concept, focusing on sliding, rolling and pushing
nonprehensile primitives, the assumption of continuous slid-
ing, rolling and pushing contacts is often considered for con-
trol design purposes. This somehow renders the nonprehensile
system as instead a prehensile one. The reason is straightfor-
ward: the control design can be done in a “simpler” way, even
though system dynamics remains very cumbersome in most of
the cases. The proof that the designed controller does not violate
the given assumptions is often performed a-posteriori. There-
fore, a method to directly control the contact forces should be
indeed addressed. This might be a future research direction,
even though it requires to cope with complicated hybrid dynam-
ics where friction is predominant.

The third aspect not adequately addressed yet is the suit-
able design of the high-level supervisor enabling the correct
switching between different nonprehensile manipulation prim-
itives. A recent attempt is carried out in [5]. Learning-based
approaches may indeed be helpful to design such supervisor
since task simplification, and human-inspired control strategies
may be the key towards the fulfilling of the whole complex
nonprehensile manipulation task. By learning the intricate and
dexterous manipulation skills of humans, it would be possible to
understand how to switch between the different nonprehensile
manipulation primitives whose models, except the mentioned
concerns, are reliable, and for which suitable model-based con-
trol solutions already exist as highlighted in the carried out
survey.

As alesson learned from this comprehensive literature review,
it is worth highlighting the feeling that high-speed performance
is requested for most of the nonprehensile manipulation primi-
tives. By observing a skilled juggler, it is possible to notice that
repetitive actions are well imprinted in her/his mind, while only
small corrections are made by her/his hands/fingers/arms. Then,
it is possible to affirm that a proper motion planner is essentially
most of all. Besides, it is also possible to find interesting con-
nections between different domains: for instance, in the same
way as a robotic hand creates intermittent contacts with an ob-
ject in a nonprehensile manipulation task, a legged robot places
and removes feet on the ground during a walking gait. A link
between grasping and balancing of a legged robot already ex-
ists. It would be interesting to find a similar connection between
dynamic walking and nonprehensile manipulation.

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 3, NO. 3, JULY 2018

ACKNOWLEDGMENT

The authors want to thank the anonymous reviewers, whose
invaluable comments and suggestions helped to greatly improve
this work. The authors are solely responsible for the content of
this manuscript.

REFERENCES

[1] M. Mason and K. Lynch, “Dynamic manipulation,” in Proc. 1993
IEEE/RSJ Int. Conf. Intell. Robots Syst., Yokohama, Japan, 1993,
pp. 152-159.

[2] D. Prattichizzo and J. Trinkle, “Grasping,” in Springer Handbook of
Robotics, B. Siciliano and O. Khatib, Eds. New York, NY, USA: Springer,
2016, pp. 955-988.

[3] M. T. Mason, “Progress in nonprehensile manipulation,” Int. J. Robot.
Res., vol. 18, no. 11, pp. 1129-1141, 1999.

[4] K. M. Lynch and M. T. Mason, “Dynamic nonprehensile manipulation:
Controllability, planning, and experiments,” Int. J. Robot. Res., vol. 18,
no. 1, pp. 64-92, 1999.

[51 J. Z. Woodruff and K. M. Lynch, “Planning and control for dynamic,
nonprehensile, and hybrid manipulation tasks,” in Proc. 2017 IEEE Int.
Conf. Robot. Autom., Singapore, 2017, pp. 4066—4073.

[6] K. M. Lynch and T. D. Murphey, “Control of nonprehensile manipu-
lation,” in Control Problems in Robotics (Springer Tracts in Advanced
Robotics), vol. 4, A. Bicchi, D. Prattichizzo, and H. Christensen, Eds.
Berlin, Germany: Springer, 2003, pp. 39-57.

[71 W. Huang, E. P. Krotkov, and M. T. Mason, “Impulsive manipulation,”
in Proc. 1995 IEEE Int. Conf. Robot. Autom., Washington, DC, USA,
1995, pp. 120-125.

[8] J. G. Schneider and C. M. Brown, “Robot skill learning, basis functions,
and control regimes,” in Proc. 1993 IEEE Int. Conf. Robot. Autom., Los
Alamitos, CA, USA, 1993, pp. 403-410.

[9] A. Satici, F. Ruggiero, V. Lippiello, and B. Siciliano, “Coordinate-free

framework for robotic pizza tossing and catching,” in Proc. 2016 IEEE

Int. Conf. Robot. Autom., Stockholm, Sweden, 2016, pp. 3932-3939.

C.Zhu, Y. Aiyama, T. Chawanya, and T. Arai, “Releasing manipulation,”

in Proc. 1996 IEEE/RSJ Int. Conf. Intell. Robots Syst., Washington, DC,

USA, 1996, pp. 911-916.

T. Sakaguchi, Y. Masutani, and F. Miyazaki, “A study on juggling tasks,”

in Proc. 1991 IEEE/RSJ Int. Conf. Intell. Robots Syst., Osaka, Japan,

1991, pp. 1418-1423.

R. Burridge, A. Rizzi, and D. Koditschek, “Toward a dynamical pick and

place,” in Proc. 1995 IEEE/RSJ Int. Conf. Intell. Robots Syst., Washing-

ton, DC, USA, 1995, pp. 292-297.

G. Bitz, A. Yaqub, H. Wu, K. Kuhnlenz, D. Wollherr, and M. Buss,

“Dynamic manipulation: Nonprehensile ball catching,” in Proc. 18th

Mediterranean Conf. Control Autom., Marrakech, Morocco, 2010,

pp- 365-370.

M. M. Schill, F. Gruber, and M. Buss, “Quasi-direct nonprehensile catch-

ing with uncertain object states,” in Proc. 2015 IEEE Int. Conf. Robot.

Autom., Seattle, WA, USA, 2015, pp. 2468-2474.

S. Schaal, C. Atkenson, and S. Botros, “What should be learned?” in

Proc. 7th Yale Workshop Adapt. Learn. Syst., New Haven, CT, USA,

1992, pp. 199-204.

P. Cigliano, V. Lippiello, F. Ruggiero, and B. Siciliano, “Robotic ball

catching with an eye-in-hand single-camera system,” IEEE Trans. Con-

trol Syst. Technol., vol. 23, no. 5, pp. 1657-1671, Sep. 2015.

R. Andersson, A Robot Ping-Pong Player: Experiment in Real-Time

Intelligent Control. Cambridge, MA, USA: MIT Press, 1988.

L. Acosta, J. Rodrigo, J. Mendez, G. Marichal, and M. Sigut, “Ping-pong

player prototype,” IEEE Robot. Autom. Mag., vol. 10, no. 4, pp. 44-52,

Dec. 2003.

T. Senoo, A. Namiki, and M. Ishikawa, “Ball control in high-speed

batting motion using hybrid trajectory generator,” in Proc. 2006

IEEE Int. Conf. Robot. Autom., Orlando, FL, USA, 2006, pp. 1762-

1767.

Y. Sun, R. Xiong, Q. Zhu, J. Wu, and J. Chu, “Balance motion generation

for a humanoid robot playing table tennis,” in Proc. 2011 IEEE-RAS Int.

Conf. Humanoid Robots, Bled, Slovenia, 2011, pp. 19-25.

C. Liu, Y. Hayakawa, and A. Nakashima, “Racket control and its ex-

periments for robot playing table tennis,” in Proc. 2012 IEEE Int. Conf.

Robot. Biomimetics, Guangzhou, China, 2012, pp. 241-246.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]



RUGGIERO et al.: NONPREHENSILE DYNAMIC MANIPULATION: A SURVEY

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[40]

[41]

[42]

[43]

[44]

D. Serra, A. Satici, F. Ruggiero, V. Lippiello, and B. Siciliano, “An
optimal trajectory planner for a robotic batting task: The table tennis
example,” in Proc. Int. Conf. Informat. Control, Autom. Robot., Lisbon,
Portugal, 2016, pp. 90-101.

K. Miilling, J. Kober, O. Kroemer, and J. Peters, “Learning to select and
generalize striking movements in robot table tennis,” Int. J. Robot. Res.,
vol. 32, no. 3, pp. 263-279, 2013.

Y. Huang, D. Xu, M. Tan, and H. Su, “Adding active learning to LWR for
ping-pong playing robot,” IEEE Trans. Control Syst. Technol., vol. 21,
no. 4, pp. 1489-1494, Jul. 2013.

H. Yanlong, S. Bernhard, and P. Jan, “Learning optimal striking points
for a ping-pong playing robot,” in Proc. 2015 IEEE/RSJ Int. Conf. Intell.
Robots Syst., Hamburg, Germany, 2015, pp. 4587-4592.

Y. Huang, D. Biichler, B. Scholkopf, and J. Peters, “Jointly learning
trajectory generation and hitting point prediction in robot table tennis,”
in Proc. 2016 IEEE-RAS Int. Conf. Humanoid Robots, Cancun, Mexico,
2016, pp. 650-655.

C. Lai and T. Tsay, “Self-learning for a humanoid robotic ping-pong
player,” Adv. Robot., vol. 25, no. 9-10, pp. 1183-1208, 2011.

S. Gomez-Gonzalez, G. Neumann, B. Scholkopf, and J. Peters, “Using
probabilistic movement primitives for striking movements,” in Proc.
2016 IEEE-RAS Int. Conf. Humanoid Robots, Cancun, Mexico, 2016,
pp. 502-508.

M. Miiller, S. Lupashin, and R. D’ Andrea, “Quadrocopter ball juggling,”
in Proc. 2011 IEEE/RSJ Int. Conf. Intell. Robots Syst., San Francisco,
CA, USA, 2011, pp. 5113-5120.

R. Silva, F. Melo, and M. Veloso, “Towards table tennis with a quadrotor
autonomous learning robot and onboard vision,” in Proc. 2015 IEEE/RSJ
Int. Conf. Intell. Robots Syst., Hamburg, Germany, 2015, pp. 649-655.
D. Wei, G. Guo-Ying, D. Ye, Z. Xiangyang, and D. Han, “Ball juggling
with an under-actuated flying robot,” in Proc. 2015 IEEE/RSJ Int. Conf.
Intell. Robots Syst., Hamburg, Germany, 2015, pp. 68-73.

S. Schaal and C. Atkeson, “Open loop stable control strategies for robot
juggling,” in Proc. 1993 IEEE Int. Conf. Robot. Autom., Atlanta, GA,
USA, 1993, pp. 913-918.

G. Bitz, K.-K. Lee, D. Wollherr, and M. Buss, “Robot basketball: A
comparison of ball dribbling with visual and force/torque feedback,”
in Proc. 2009 IEEE Int. Conf. Robot. Autom., Kobe, Japan, 2009,
pp. 514-519.

M. Buhler, D. E. Koditschek, and P. J. Kindlmann, “A family of robot
control strategies for intermittent dynamical environments,” /EEE Con-
trol Syst. Mag., vol. 10, no. 2, pp. 16-22, Feb. 1990.

M. Buehler, D. E. Koditschek, and P. J. Kindlmann, “Planning and control
of robotic juggling and catching tasks,” Int. J. Robot. Res., vol. 13, no. 2,
pp. 101-118, 1994.

K. M. Lynch and C. K. Black, “Recurrence, controllability, and stabiliza-
tion of juggling,” IEEE Trans. Robot. Autom., vol. 17,no. 2, pp. 113-124,
Apr. 2001.

R. Ronsse, P. Lefevre, and R. Sepulchre, “Rhythmic feedback control of
a blind planar juggler,” IEEE Trans. Robot., vol. 23, no. 4, pp. 790-802,
Aug. 2007.

R. G. Sanfelice, A. R. Teel, and R. Sepulchre, “A hybrid systems ap-
proach to trajectory tracking control for juggling systems,” in Proc. 46th
IEEE Conf. Decis. Control, New Orleans, LA, USA, 2007, pp. 5282—
5287.

X. Tian, J. H. Koessler, and R. G. Sanfelice, “Juggling on a bouncing ball
apparatus via hybrid control,” in Proc. 2013 IEEE/RSJ Int. Conf. Intell.
Robots Syst., Tokyo, Japan, 2013, pp. 1848—1853.

P.Reistand R. D’ Andrea, “Design and analysis of a blind juggling robot,”
IEEE Trans. Robot., vol. 28, no. 6, pp. 1228-1243, Dec. 2012.

T. Tabata and Y. Aiyama, “Passing manipulation by 1 degree-of-freedom
manipulator-catching manipulation of tossed object without impact,” in
Proc. 2003 IEEE/RSJ Int. Conf. Intell. Robots Syst., Las Vegas, NV, USA,
2003, pp. 2920-2925.

A. Akbarimajd and M. N. Ahmadabadi, “Manipulation by juggling of
planar polygonal objects using two 3-DOF manipulators,” in Proc. 2007
IEEE/ASME Int. Conf. Adv. Intell. Mechatronics, Zurich, Switzerland,
2007, pp. 1-6.

D. Serra, F. Ruggiero, V. Lippiello, and B. Siciliano, “A nonlinear least
squares approach for nonprehensile dual-hand robotic ball juggling,” in
Proc. 20th World Congr. Int. Fed. Automat. Control, Toulouse, France,
2017, pp. 11485-11490.

E. W. Aboaf, S. Drucker, and C. G. Atkeson, “Task-level robot learning:
Juggling a tennis ball more accurately,” in Proc. 1989 IEEE Int. Conf.
Robot. Autom., Scottsdale, AZ, USA, 1989, pp. 1290-1295.

[45]

[46]

[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

1717

S. Schaal and C. G. Atkeson, “Robot juggling: Implementation of
memory-based learning,” IEEE Control Syst., vol. 14, no. 1, pp. 57-71,
Feb. 1994.

S. Schaal and C. G. Atkeson, “Memory-based robot learning,” in Proc.
1994 IEEE Int. Conf. Robot. Autom., San Diego, CA, USA, 1994,
pp. 2928-2933.

S. Haddadin, K. Krieger, M. Kunze, and A. Albu-Schaffer, “Ex-
ploiting potential energy storage for cyclic manipulation: An analy-
sis for elastic dribbling with antrhopomorphic robot,” in Proc. 2011
1EEE/RSJ Int. Conf. Intell. Robots Syst., San Francisco, CA, USA, 2011,
pp. 1789-1796.

G. Bitz, U. Mettin, A. Schimdts, M. Scheint, D. Wollherr, and A. Shiriaev,
“Ball dribbling with an underactuated continuous-time control phase:
Theory & experiments,” in Proc. 2010 IEEE/RSJ Int. Conf. Intell. Robots
Syst., Taipei, Taiwan, 2010, pp. 2890-2895.

K. Lynch and M. Mason, “Stable pushing: Mechanics, controllability,
and planning,” Int. J. Robot. Res., vol. 15, no. 6, pp. 533-556, 1996.

K. Lynch, “Locally controllable manipulation by stable pushing,” IEEE
Trans. Robot. Autom., vol. 15, no. 2, pp. 318-327, Apr. 1999.

Y. Maeda, H. Kijimoto, Y. Aiyama, and T. Arai, “Planning of graspless
manipulation by multiple robot fingers,” in Proc. 2001 IEEE Int. Conf.
Robot. Autom., Seoul, South Korea, 2001, pp. 2474-2479.

Y. Maeda, T. Nakamura, and T. Arai, “Motion planning of robot fingertips
for graspless manipulation,” in Proc. 2004 IEEE Int. Conf. Robot. Autom.,
New Orleans, LA, USA, 2004, pp. 2951-2956.

C. Zito, R. Stolkin, M. Kopicki, and J. Wyatt, “Two-level RRT planning
for robotic push manipulation,” in Proc. 2012 IEEE/RSJ Int. Conf. Intell.
Robots Syst., Vilamoura, Portugal, 2012, pp. 678-685.

J. Haustein, J. King, S. Srinivasa, and T. Asfour, “Kinodynamic random-
ized rearrangement planning via dynamic transitions between statically
stable states,” in Proc. 2015 IEEE Int. Conf. Robot. Autom., Seattle, WA,
USA, 2015, pp. 3075-3082.

D. Nieuwenhuisen, A. van der Stappen, and M. Overmars, “Pushing a
disk using compliance,” IEEE Trans. Robot., vol. 23, no. 3, pp. 431442,
Jun. 2007.

M. R. Dogar and S. S. Srinivasa, “A planning framework for non-
prehensile manipulation under clutter and uncertainty,” Auton. Robots,
vol. 33, no. 3, pp. 217-236, 2012.

J. King, J. Haustein, S. Srinivasa, and T. Asfour, “Nonprehensile whole
arm rearrangement planning on physics manifolds,” in Proc. 2015 IEEE
Int. Conf. Robot. Autom., Seattle, WA, USA, 2015, pp. 2508-2515.

K. Harada and M. Kaneko, “Whole body manipulation,” in Proc. 2003
IEEE Int. Conf. Robot., Intell. Syst. Signal Process., Changsha, China,
2003, pp. 190-195.

P. Kolhe, N. Dantam, and M. Stilman, “Dynamic pushing strategies for
dynamically stable mobile manipulators,” in Proc. 2010 IEEE Int. Conf.
Robot. Autom., Anchorage, AK, USA, 2010, pp. 3745-3750.

G. Laurent and H. Moon, “A survey of non-prehensile pneumatic ma-
nipulation surfaces: Principles, models and control,” Intell. Serv. Robot.,
vol. 8, no. 3, pp. 151-163, 2015.

D. Reznik and J. Canny, “A flat rigid plate is a universal planar manip-
ulator,” in Proc. 1998 IEEE Int. Conf. Robot. Autom., Leuven, Belgium,
1998, pp. 1471-1477.

D. Reznik and J. Canny, “C’mon part, do the local motion!” in Proc. 2001
IEEE Int. Conf. Robot. Autom., Seoul, South Korea, 2011, pp. 2235-2242.
T. Vose, P. Umbanhowar, and K. Lynch, “Vibration-induced frictional
force fields on a rigid plate,” in Proc. 2007 IEEE Int. Conf. Robot.
Autom., Rome, Italy, 2007, pp. 660-667.

T. Vose, P. Umbanhowar, and K. Lynch, “Friction-induced lines of attrac-
tion and repulsion for parts sliding on an oscillated plate,” IEEE Trans.
Autom. Sci. Eng., vol. 6, no. 4, pp. 685-699, Oct. 2009.

K.-F. Bohringer, B. Donald, and N. MacDonald, “Programmable vector
fields for distributed manipulation, with applications to MEMS actuator
arrays and vibratory parts feeders,” Int. J. Robot. Res., vol. 18, no. 2,
pp. 168-200, 1999.

K.-F. Bohringer, B. Donald, L. Kavraki, and F. Lamiraux, “Part ori-
entation with one or two stable equilibria using programmable force
fields,” IEEE Trans. Robot. Autom., vol. 16, no. 2, pp. 157-170, Apr.
2000.

J. Luntz, W. Messner, and H. Choset, “Distributed manipulation using
discrete actuator arrays,” Int. J. Robot. Res., vol. 20, no. 7, pp. 553-583,
2001.

T. Murphey and J. Burdick, “Feedback control for distributed manip-
ulation systems that involve mechanical contacts,” Int. J. Robot. Res.,
vol. 23, no. 7, pp. 763-781, 2004.



1718

[69]

[70]

(711

[72]

[73]

[74]1

[75]

[76]

[(77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

(871

T. Vose, P. Umbanhowar, and K. Lynch, “Friction-induced velocity for
point parts on a rigid oscillated plate,” Int. J. Robot. Res., vol. 28, no. 8,
pp. 1020-1039, 20009.

T. Vose, P. Umbanhowar, and K. Lynch, “Toward the set of frictional
velocity fields generable by 6-degree-of-freedom oscillatory motion of
arigid plate,” in Proc. 2010 IEEE Int. Conf. Robot. Autom., Ankorage,
AK, USA, 2010, pp. 540-547.

P. Umbanhowar, T. Vose, A. Mitani, S. Hirai, and K. M. Lynch, “The
effect of anisotropic friction on vibratory velocity fields,” in Proc.
2012 IEEE Int. Conf. Robot. Autom., Saint Paul, MN, USA, 2012,
pp. 2584-2591.

K. Higashimori, M. Utsumi, Y. Omoto, and M. Kaneko, “Dynamic ma-
nipulation inspired by the handling of a pizza peel,” IEEE Trans. Robot.,
vol. 25, no. 4, pp. 829-838, Aug. 2009.

M. Higashimori, Y. Omoto, and M. Kaneko, “Non-grasp manipulation
of deformable object by using pizza handling mechanism,” in Proc. 2009
IEEE Int. Conf. Robot. Autom., Kobe, Japan, 2009, pp. 120-125.

1. Ramirez-Alpizar, M. Higashimori, M. Kaneko, C.-H. Tsai, and I. Kao,
“Nonprehensile dynamic manipulation of a sheet-like viscoelastic ob-
ject,” in Proc. 2011 Int. Conf. Robot. Autom., Shanghai, China, 2011,
pp. 5103-5108.

T. Inahara, M. Higashimori, K. Tadakruma, and M. Kaneko, “Dynamic
nonprehensile shaping of a thin rheological object,” in Proc. 2011
1IEEE/RSJ Int. Conf. Intell. Robots Syst., San Francisco, CA, USA, 2011,
pp. 1392-1397.

Y. Aiyama, M. Inaba, and H. Inoue, “Pivoting: A new method of graspless
manipulation of object by robot fingers,” in Proc. 1993 IEEE/RSJ Int.
Conf. Intell. Robots Syst., Yokohama, Japan, 1993, pp. 136-143.

J. Hauser, S. Sastry, and P. Kokotovic, “Nonlinear control via approx-
imate input-output linearization: The ball and beam example,” IEEE
Trans. Autom. Control, vol. 37, no. 3, pp. 392-398, Mar. 1992.

A. Tell and L. Praly, “Tools for semiglobal stabilization by partial state
and output feedback,” SIAM J. Control Optim., vol. 33, no. 5, pp. 1443—
1488, 1995.

V. Hagenmeyer, S. Streif, and M. Zeitz, “Flatness-based feedforward
and feedback linearisation of the ball & plate lab experiment,” in Proc.
6th IFAC Symp. Nonlinear Control Syst., Stuttgart, Germany, 2004,
pp. 1-6.

R. Ortega, M. Spong, F. Gémez-Estern, and G. Blankenstein, “Stabiliza-
tion of a class of underactuated mechanical systems via interconnection
and damping assignment,” IEEE Trans. Autom. Control, vol. 47, no. 8,
pp. 1218-1233, Aug. 2002.

F. Gordillo, J. Aracil, and F. Gémez-Estern, “Stabilization of au-
tonomous oscillations and the Hopf bifurcation in the ball and beam,”
in Proc. 41st IEEE Conf. Decis. Control, Las Vegas, NV, USA, 2002,
pp. 3924-3925.

K. Ryu and Y. Oh, “Balance control of ball-beam system using redundant
manipulator,” in Proc. 2011 Int. Conf. Mechatronics, Istanbul, Turkey,
2011, pp. 403-408.

J.-C. Ryu, F. Ruggiero, and K. M. Lynch, “Control of nonprehensile
rolling manipulation: Balancing a disk on a disk,” IEEE Trans. Robot.,
vol. 29, no. 5, pp. 1152-1161, Oct. 2013.

J.-C. Ryu, F. Ruggiero, and K. M. Lynch, “Control of nonprehensile
rolling manipulation: Balancing a disk on a disk,” in Proc. 2012 IEEE
Int. Conf. Robot. Autom., St. Paul, MN, USA, 2012, pp. 3232-3237.

A. Donaire, F. Ruggiero, L. Buonocore, V. Lippiello, and B. Siciliano,
“Passivity-based control for a rolling-balancing system: The nonprehen-
sile disk-on-disk,” IEEE Trans. Control Syst. Technol., vol. 25, no. 6,
pp. 2135-2142, Nov. 2017.

M. Crespo, A. Donaire, F. Ruggiero, V. Lippiello, and B. Siciliano, “De-
sign, implementation and experiments of a robust passivity-based con-
troller for a rolling-balancing system,” in Proc. 13th Int. Conf. Informat.
Control, Autom. Robot., Lisbon, Portugal, 2016, pp. 79-89.

Y. Aousting and A. Formal’sky, “An original circular ball-and-beam
system: Stabilization strategy under saturating control with large basin
of attraction,” in Proc. 2007 Eur. Control Conf., Kos, Greece, 2007,
pp. 4833-4838.

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 3, NO. 3, JULY 2018

K. Lynch, N. Shiroma, H. Arai, and K. Tanie, “The role of shape and
motion in dynamic manipulation: The butterfly example,” in Proc. 1998
IEEE Int. Conf. Robot. Autom., Leuven, Belgium, 1998, pp. 1958-
1963.

M. Cefalo, L. Lanari, and G. Oriolo, “Energy-based control of the but-
terfly robot,” in Proc. 8th Int. IFAC Symp. Robot Control, Bologna, Italy,
2006, pp. 1-6.

M. Surov, A. Shiriaev, L. Freidovich, and S. Gusev, “Case study in
non-prehensile manipulation: Planning and orbital stabilization of one-
directional rollings for the ‘Butterfly’ robot,” in Proc. 2015 IEEE Int.
Conf. Robot. Autom., Seattle, WA, USA, 2015, pp. 1484-1489.

B. Kiss, K. Lévine, and B. Lantos, “On motion planning for robotic ma-
nipulation with permanent rolling contacts,” Int. J. Robot. Res., vol. 21,
no. 5-6, pp. 443-461, 2002.

O. Taylor and A. Rodriguez, “Optimal shape and motion planning for
dynamic planar manipulation,” in Proc. Robot., Sci. Syst., Cambridge,
MA, USA, 2017, doi: 10.15607/RSS.2017.XIIL.055.

D. Hristu-Varsakelis, “The dynamics of a forced sphere plate mechani-
cal system,” IEEE Trans. Autom. Control, vol. 46, no. 5, pp. 678-686,
May 2001.

V. Lippiello, F. Ruggiero, and B. Siciliano, “The effect of shapes in
input-state linearization for stabilization of nonprehensile planar rolling
dynamic manipulation,” IEEE Robot. Autom. Lett., vol. 1, no. 1, pp. 492—
499, Jan. 2016.

D. J. Montana, “The kinematics of contact and grasp,” Int. J. Robot. Res.,
vol. 7, no. 3, pp. 17-32, 1988.

A. Marigo and A. Bicchi, “Rolling bodies with regular surface: Control-
lability theory and applications,” IEEE Trans. Autom. Control, vol. 45,
no. 9, pp. 1586-1599, Sep. 2000.

T. Das and R. Mukherjee, “Exponential stabilization of the rolling
sphere,” Automatica, vol. 40, no. 11, pp. 1877-1889, 2004.

H. Date, M. Sampei, M. Ishikawa, and M. Koga, “Simultaneous control
of position and orientation for ball plate manipulation problem based
on time state control form,” IEEE Trans. Robot. Autom., vol. 20, no. 3,
pp. 465-480, Jun. 2004.

G. Oriolo and M. Vendittelli, “A framework for the stabilization of
general nonholonomic systems with an application to the plate-ball
mechanism,” IEEE Trans. Robot., vol. 21, no. 2, pp. 162-175, Apr.
2005.

K.-K. Lee, G. Bitz, and D. Wollherr, “Basketball robot: Ball on plate
with pure haptic information,” in Proc. IEEE Int. Conf. Robot. Autom.,
Pasadena, CA, USA, 2008, pp. 2410-2415.

L. Cui and J. S. Dai, “A coordinate-free approach to instantaneous kine-
matics of two rigid objects with rolling contact and its implications
for trajectory planning,” in Proc. IEEE Int. Conf. Robot. Autom., Kobe,
Japan, 2009, pp. 612-617.

P. Choudhury and K. M. Lynch, “Rolling manipulation with a single
control,” Int. J. Robot. Res., vol. 21, no. 5-6, pp. 457-487, 2002.

R. Gahleitner, “Ball on ball: Modeling and control of a novel experiment
set-up,” IFAC-PapersOnLine, vol. 48, no. 1, pp. 796-801, 2015.

S.-Y. Liu, Y. Rizal, and M.-T. Ho, “Stabilization of a ball and sphere
system using feedback linearization and sliding mode control,” in
Proc. 8th Asian Control Conf., Kaohsiung, Taiwan, 2011, pp. 1334-
1339.

J. Nishizaki, S. Nakamura, and M. Sampei, “Modeling and control of
hula-hoop system,” in Proc. 48th IEEE Conf. Decis. Control, Shanghai,
China, 2009, pp. 4125-4130.

A. Gutiérrez-Giles, F. Ruggiero, V. Lippiello, and B. Siciliano, “Model-
ing and control of a robotic hula-hoop system without velocity measure-
ments,” in Proc. 20th World Congr. Int. Fed. Autom. Control, Toulouse,
France, 2017, pp. 9808-9814.

A. Gutiérrez-Giles, F. Ruggiero, V. Lippiello, and B. Siciliano, “Non-
prehensile manipulation of an underactuated mechanical system with
second order nonholonomic constraints: The robotic hula-hoop,” IEEE
Robot. Autom. Lett., vol. 3, no. 2, pp. 1136-1143, Apr. 2018.
RoDyMan, The RoDyMan project website, 2013. [Online]. Available:
https://www.rodyman.eu


http://dx.doi.org/10.15607/RSS.2017.XIII.055
https://www.rodyman.eu


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


