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I. INTRODUCTION

In several space robotics applications as well as in planetary exploration missions, the possibility of reaching large
workspace would afford great potential advantages. To operate on objects at distances several times larger than the
physical dimensions of the robot, mobile platforms [1] equipped with articulated arms are practically the only available
solution at the state of the art. However, wheeled or legged robotic locomotion depends heavily on the characteristics
of the terrain, and is usually forced to trade velocity of execution for robustness to terrain asperities. As a matter of
fact, e.g., Martian explorers Spirit and Opportunity have been traveling at max. 180 m/h speed, on an average mission
length of 100 meters from the base station, thus limiting thenumber of samples returned per day. The alternative of
building arms with either very long links [2] or many links [3], [4] seems to be applicable only in some very specific
cases – for instance in the absence of gravity – and yet imposes the use of very wide mechanical structures despite
the extension of their reachable spaces.

In this paper we present work aimed at developing a compact robotic device able to reach objects at far distance.
The work is based on the idea ofcasting manipulation, a robotic technique that was proposed in [5], and that allows to
deploy an end-effector at large distances from the robot’s base by throwing (casting) it and controlling its ballistic flight
using forces transmitted through a light tether connected to the end-effector itself. The tether cable of the robotic device
can also be used to retrieve the end-effector, and to exert forces on the robot’s environment. The operating phases of
casting manipulation comprise astartup phase, a steering phase, and anobject-return phase. During the startup phase,
the robot is controlled so as to impart the end-effector sufficient mechanical energy to reach the target-object. When
the first phase concludes, the end-effector is thrown and itstrajectory is steered by means of forces transmitted through
the tether cable in order to approach the moving object with suitable orientation and velocity (steering phase). Once
the object has been caught, the tether cable is reeled up and the object is retrieved (object-return phase). Fig. 1 depicts
possible application of casting manipulation during sample-return missions (left), and outlines the different operating
phases of the technique (right).

Ability of simple casting manipulator prototypes to fetch faraway fixed objects, controlling the position and orien-
tation of the gripper and even avoiding obstacles, has been demonstrated in [6]–[8]. More recent work has extended
applicability of the technique to reach targets with uncertain position, or that are possibly moving [9], by using
simplified yet accurate models that are suitable for realtime computation, and visual feedback of the moving targets.
Starting from that result, we will describe two control schemes of the steering phase: the first approach is simpler and

3.  Object Return

1.  Startup

   

2.  Steering

Fig. 1. A robotic end-effector connected to a manipulator through a light tether can be used to reach far away from the manipulator base. The end-
effector can in fact be deployed at large distance by castingit and then controlling its ballistic flight. Possible application of casting manipulation in
sample-return missions are depicted on the left, and different operating phases of the technique are outlined on the right. (Picture reprinted from [5])
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Fig. 2. Depiction of a planar casting manipulator consisting of a rigid link, a light tether, and a gripper.

exploits transmission of impulsive forces, whereas the second is computationally more expensive but is more general,
and consists of steering the end-effector’s flight by means of continuous force signals. Effectiveness of both steering
methods has been demonstrated through experiments.

The extension of casting manipulation to the hypothesis of possibly moving objects has proved it viable for
applications such as sample acquisition and return, rescue, etc. Nonetheless, only steering of the robotic end-effector
along the throwing plane has been demonstrated so far. We also present work relating design and control of a novel
compact manipulator allowing steering of the end-effector’s trajectory in 3-dimensional space. Such a manipulator is
composed of 3 tether cables that are connected to the end-effector, and to the edges of a triangular platform. The
platform can rotate along an axis parallel to it and passing through its center of mass. Again, the rotation is used
during the startup phase to impart the end-effector sufficient mechanical energy to reach the target, and visual feedback
of objects is used to decide on the robot’s throwing configuration.

Control of such “cable-driven” manipulators is challenging due to limitation in admissible control inputs, i.e. each
robot actuator is able to generate only a pulling force with upper saturation (unilateral input constraints). In this context,
we formulate and find solution of a time-optimal control problem – steering the end-effector in minimum-time – as
generalization of the continuous control scheme applied toplanar casting. Optimization concerns also the choice of
the throwing angle with respect to the direction of the target. Effectiveness of the optimal solution has been checked
through simulation.

The paper is organized as follows. Section II deals with modeling and control of a planar casting manipulator, and
presents the two aforementioned control schemes allowing realtime planning of an end-effector’s trajectory. Then, in
Section III, we deal with design and time-optimal control ofa 3-dimensional casting manipulator, and present some
preliminary results of the new technique. In Section IV, we show effectiveness of the two proposed steering methods
of planar casting by reporting experimental results. Finally, work achievement are summarized in closing Section V.
For more information see http://www.piaggio.ccii.unipi.it/newrobotics/casting.html.

II. PLANAR CASTING MANIPULATION

A. Modeling and Control of the Robot

To begin with, consider the simple manipulator depicted in Fig. 2 that can be used for planar casting. The robot
consists of a rigid linkL1 with revolute jointq1 actuated by torqueτ1, and a controlled reel for winding and unwinding
a tether cable. Angleq2 at which the tether departs from the rigid link is measured but not actuated. The variable
length q3 of the tether can be viewed as a third link with translationaljoint actuated by the reeling forcef3. The
robot’s end-effector is a gripper.

Modeling of the robot’s dynamics during the startup and steering phases would need particular attention due to
elasticity and flexibility of the tether cable. Notwithstanding, a simplified model can be found in the hypothesis that
the tether is never loose, and elastic modes are never excited (cf. e.g. [10]–[12]). Under this hypothesis the tether can
be approximated as rigid, and the robot’s dynamics can be written in the classical form:

B(q) q̈ + C(q, q̇) q̇ + G(q) = τ , (1)
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whereB ∈ R
3×3, C ∈ R

3×3, G ∈ R
3, q = (q1, q2, q3)

T , and τ = (τ1, 0,−f3)
T . It is worth noting that control

input f3, representing the pulling force transmitted through the tether to the end-effector, can not become negative:
f3(t) ≥ 0.

To control the manipulator one has to deal with its underactuation, namely we have two controlsτ1 and f3 but
three joint variablesq1, q2, and q3. However, a control strategy of underactuated mechanisms is proposed in [13],
basically suggesting to use available inputs to steer the dynamics of a subset of joints, and then to control such joints
in order to indirectly excite the others. To this aim, we left-multiply (1) by inverse of inertia matrixB, and thus obtain:
q̈ = B−1 (τ − Cq̇ − G). This vector equation can be expanded as
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whereγ1, γ2, andγ3 are linear combinations of elements of matrixC with coefficientsq̇1, q̇2, and q̇3, plus elements
of vectorG. It can be shown that the manipulator’s dynamics can partially be linearized by suitable choice of control
inputsτ1 andf3, and the remaining zero-dynamics can be made asympoticallystable. We will omit explicit calculation
due to space limitation.

Under the same hypothesis of preventing tether slackness, also the end-effector’s state can easily be related to
the joint variables through direct and differential kinematics equations. In fact, the end-effector position(xe, ye) and
orientationϕe with respect to axisx are given by:







xe = xbase + a1 S1 + q3 S12 ,
ye = ybase − a1 C1 − q3 C12 ,
ϕe = q1 + q2 + π

2 ,
(2)

where(xbase, ybase) is position of the robot’s base1. Furthermore, linear and angular velocities of the end-effector are
related to the joint variables velocities through the jacobian matrix:
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1 1 0
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 . (3)

B. Realtime Computation of End-effector’s Trajectory

During the steering phase, the end-effector is controlled in order to reach the target-object at point(xt, yt) with
suitable orientationϕe, and velocities(ẋe, ẏe, ϕ̇e). A control policy of a gripper ballistic flight was proposed in [6],
[7], [14], consisting of transmition of a series of impulsesthrough the tether cable. Effectiveness and accuracy of
the method were shown through experiments when position of the target-object was fixed. However, the approach is
inadequate when the object position is uncertain or the object itself is moving, since it is based on precisea priori
knowledge of the position, and needs long computation times. In [9], applicability of planar casting manipulation
has recently been extended to deal with this last case, by using simplified yet accurate models that are suitable for
realtime computation, and visual feedback of the moving targets. Starting from that result, we will now describe two
control schemes of the steering phase. Since we are not dealing with gripper orientation at present, we will replace
the end-effector with a mass pointm.

The first approach is simpler and exploits transmission of impulsive forces to steer the end-effector’s flight and
eventually control its landing position. Fig. 3 is a depiction of possible end-effector’s trajectories under this impulse-
based control scheme. The strategy can be summarized as follows. After initial target position is estimated, the end-
effector is thrown at timet0 and the tether starts unwinding. If no force is transmitted,i.e. f3(t) = 0 for t ≥ t0, the
end-effector moves along an arc of parabola, eventually landing on the point represented by(xland−max, 0) where

xland−max = xe(t0) + ẋe(t0)
2 g

(

ẏe(t0) +

√

ẏe(t0)
2
+ 2 g ye(t0)

)

,

g is the gravity acceleration, and the initial statex0 = (xe(t0), ye(t0), ẋe(t0), ẏe(t0)) is evaluated from (2) and (3).
Moreover, before throwing, abraking time is decided such that the tether length equals the distance between the
“estimated” target position and the robot’s base. At that time, control inputf3 is used to stop the tether unwinding
and to fix its length, thus constraining the end-effector to move along the arc of circumferenceBC leading it over the
desired target position. If the target-object comes nearerthe robot’s base or recedes from it, the pre-planned braking
time is anticipated or delayed, accordingly.

1The following standard abbreviations are used:Ci = cos(qi), Si = sin(qi), Cij = cos(qi + qj) andSij = sin(qi + qj).
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Fig. 3. Depiction of possible end-effector’s trajectoriesunder impulse-based control scheme of the steering phase.

The second approach is computationally more expensive but is more general, and consists of steering the end-
effector’s flight by means of continuous forces. From geometric consideration on Fig. 2, we can obtain the end-effector’s
dynamics:







ẍe = − 1
m

sin
[

tan−1
(

xe−xL1

ye−yL1

)]

u ,

ÿe = −g − 1
m

cos
[

tan−1
(

xe−xL1

ye−yL1

)]

u ,

where(xL1
, yL1

) is the point where the tether departs from the rigid link, andu is the transmitted force. After some
simplifications we can re-write the end-effector’s dynamics as:
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u .

Let x = (xe, ye, ẋe, ẏe) be the end-effector state,x0 be its initial value at the throwing time, andxf = (xt, yt) be
the desired landing position. The end-effector’s dynamicscan easily be written in state form asẋ(t) = f(x(t), u(t)).
Let alsoumax be the maximum force that can be transmitted through the cable. Then, the end-effector can be steered
from statex0 to xf in unknown minimum timetf , by finding a control function̄u : [t0, tf ] → [0, umax] that solves
the following dynamic programming problem:







































ū(t) = argminu(t) J ,

J =
∫ tf

t0
1 dτ ,

ẋ(t) = f(x(t), u(t)) ,
x(t0) = x0 ,
x(tf ) = xf ,
−u(t) ≤ 0 ,
u(t) ≤ umax .

(4)

III. 3-DIMENSIONAL CASTING MANIPULATION

In this section we introduce a new casting manipulator that is able to steer the end-effector’s flight in 3D space,
thus extending applicability of the technique to 3-dimensional casting. The robot is composed of 3 tether cables that
are connected to the end-effector, and to the edges of a triangular platform (see Fig. 4). The platform can rotate along
an axis parallel to it and passing through its center of mass.The rotation is used during the startup phase to impart
the end-effector sufficient mechanical energy for reachingthe target-object.

Modeling of the end-effector’s dynamics during the steering phase can easily be done by doing some geometric
consideration on the figure. Let(xe, ye, ze) be the end-effector position,u1, u2, u3 be the three actuation forces,α
be the angle between the platform and the target direction, and α0 be its value at the throwing timet0. Then, the
end-effector’s dynamics is given by:

m





ẍe

ÿe

z̈e − g



 = −









xe+b Cα

γ1(xe,ye,ze)
xe−b Cα

γ2(xe,ye,ze)
xe
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√
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 , (5)
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Fig. 4. Mechanical design (left) and top view projection (right) of a simple robot (DAVIDE) to be used for 3-dimensional casting manipulation.

where

γ1(xe, ye, ze) =

√

(xe + b Cα)
2

+ (ye + b Sα)
2

+
(

ze + b
√

3
3

)2

,
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2
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)2

,

γ3(xe, ye, ze) =

√

x2
e + y2

e +
(

ze + b 2
√

3
3

)2

,

andb is the robot arm.
We are interested in generating time-optimal control functions for the considered “cable-driven” casting robot,

minimizing the time needed to steer the end-effector towarda desired position in 3D-space. Challenge here is represented
by input control bounds due to the fact that robot cables can exert only pulling forces (unilateral input bounds). The
optimization also concerns choice of the throwing angleα0 with respect to the target direction.

Let x = (xe, ye, ze, ẋe, ẏe, że) be the end-effector’s state,u = (u1, u2, u3) be the transmitted input vector force.
Again, the system dynamics (5) can be written in state formẋ(t) = f(x(t), u(t), α0). Moreover, letω0 be the angular
velocity of the rotating platform at the throwing time, thenthe initial statex0 is obtained as:

x0(α0, ω0) = (−r Sα0
, r Cα0

, 0, rω0 Cα0
, r ω0 Sα0

, 0) .

Let xf = (xt, yt, zt) be the target-object position, andumax the maximum force that each actuator can provide. Then,
the end-effector can be steered from statex0(α0) to xf in unknown minimum timetf , by finding the time-optimal
control vector function̄u : [t0, tf ] → [0, umax], and the optimal throwing anglēα0 ∈ [0, 2π] that solve the following
dynamic programming problem:







































[ū(t), ᾱ0] = argmin[u(t),α0] J ,

J =
∫ tf

t0
1 dτ ,

ẋ(t) = f(x(t), u(t), α0) ,
x(t0) = x0(α0) ,
x(tf ) = xf ,
−u(t) ≤ 0 ,
u(t) ≤ umax .

We have solved this dynamic optimization problem by using numerical tools, and obtained the results that are
summarized in the following figures. Fig. 5 shows the optimaltime t̄f versus the relative throwing angleα0, and
reveals that the optimum value is̄α0 = 3π/4 radiants. Fig. 6 shows the optimal timētf at optimal throwing angle
ᾱ0 versus the target-object position: due to radial symmetry of the problem, optimal time depends only on the target
distance. Furthermore, Fig. 7 shows the optimal controlū(t) for a point-to-point motion, and corresponding state
evolution in condition of no gravity (g = 0 m/s2), and with gravity (g = 9.81 m/s2).

IV. EXPERIMENTAL RESULTS OF PLANAR CASTING MANIPULATION

We have developed a simple manipulator to test effectiveness of the two proposed control schemes of Section II for
planar casting. The experimental setup is also composed of acontrol system, and a vision system providing a visual
estimate of the current object position.
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Fig. 5. Optimal timet̄f versus throwing angleα0 and target-
object distance.

Fig. 6. Optimal timet̄f at optimal throwing anglēα0 versus
the target-object position.
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Fig. 7. Optimal controlū(t) for a point-to-point motion, and corresponding state evolution in condition of no gravity (g = 0 m/s2) (left), and
with gravity (g = 9.81 m/s2) (right).

A. The Robot

The manipulator realized in our lab is composed of a rigid link L1 with revolute jointq1 actuated by torqueτ1,
a null-length linkL2 with another revolute jointq2, and light tether cableL3 with translational jointq3 actuated by
input forcef3. Since we are not dealing with orientation control at present, we have used a massm as the robotic
end-effector. Refer to Section II for the robot’s and end-effector’s dynamics, and to the table of Fig. 9 for geometrical
and inertial parameters.

Optical encoders are used to read joint variableq1, q2, andq3. In particular, an 81000 pulses per revolution (ppr)
encoder is used for the first joint, and two 2048-ppr encodersfor the other two joints. Two direct-driver motors have
been used to generate input controlsτ1 andf3. To control the tether unwinding control inputf3 is used as well as a
braking mechanism. Fig. 8 shows the robot, and a detail of thebrake.

B. Vision and Control Systems

Both vision and control systems have been implemented and hosted on a single Pentiumc© IV with clock frequency
of 3.0 GHz. Still from a hardware point of view, a US Digital PCI4ES card has been used to read encoder data of the
joint variables, and a National Instrument PCI6024E card has been used to control robot’s inputs. The vision system
takes advantage of a low-cost USB Logitechc© Orbit camera with framerate of 16 fps. As far as concerning the software,
the underlying platform was Microsoft Windowsc© XP, and all of the source code was written in C++ programming
language. In particular, implementation of algorithms forcalibration of the camera and object detection uses OpenCVc©

library functions. The control process was scheduled with cycletime of 0.5 msec. Fig. 10 shows an example of image
processed by the vision system with detected items: target-object is highlighted in blue, and calibration markers are
highlighted in red.

The vision system is easy to set up, hard to fail in tracking the target, and shows high precision once calibrated.
Furthermore, the calibration procedure is very quick, and hence could be performed during the experiment if the camera
is moved. The only demerit we observed is a long sampling time– around 62 msec is necessary to obtain a new data
position – that restricts possible target velocities. However this fact is due to the low-cost camera, and can be solved
by exploiting high-speed vision systems such as that in [15]that can achieve very short sampling time of 1 msec.
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Fig. 8. The manipulator realized in our lab, and a detail of the brake.

Parameter Value Unit
xbase 0.000 m
ybase 1.695 m
a1 0.342 m
m1 1.1105 kg
I1 0.0216 kg m2

a3 0.495 m
m3 0.084 kg
I3 1.3440E-005 kg m2

Fig. 9. Inertial and geometrical parameters of the
realized manipulator for planar casting.

Fig. 10. Example of image processed by the vision
system with detected items: target-object is highlighted
in blue, and calibration markers are highlighted in red.

C. Experiments

Experimental results of planar casting with moving objectsare reported in Fig. 11: trajectories of the end-effector
under impulse-based control scheme is traced out on the left, and trajectory under transmition of continuous time-
optimal force is revealed on the right.

Effectiveness of the impulse-based control scheme of the steering phase has been checked through the following
experiment. First a static object is set into the environment, and its position is estimated by the vision system. The
end-effector is imparted sufficient mechanical energy to reach the target during the initial startup phase. After that
the end-effector is casted, and the tether starts unwinding. When the tether length equals the distance between the
target position and the point where the tether departs, the unwinding is stopped. As expected from theory, the end-
effector’s ballistic flight is composed of an arc of parabolaand an arc of circumference corresponding to curvesAB
andBC of Fig. 3, respectively. Secondly, a similar experiment hasbeen performed were the target-object moves after

AB

Fig. 11. Results of planar casting manipulation with movingtarget-objects. Trajectories of the end-effector under impulse-based control scheme is
traced out on the left, and trajectory under transmition of continuous time-optimal force is revealed on the right.
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the throwing coming nearer the robot’s base. As expected from theory, the target is also reached by anticipating the
pre-planned braking time. It is worth noting that the actualend-effector’s trajectories after the braking can only be
approximated by arc of circumferences, revealing that the hypothesis of tether unslackness becomes weaker after that
moment. Nonetheless, the assumption has been necessary to achieve realtime computation requirements.

Effectiveness of the continuous time-optimal control scheme has also been tested where control inputs were computed
by solving problem (4).

V. CONCLUSION

In this paper we presented work relating the development of acompact robotic device able to reach faraway objects
that, in our opinion, can have applications in space or planetary missions. We extended applicability of thecasting
manipulation technique to fetch moving objects, and showed two control schemes that can be used to plan the steering
phase in realtime. Effectiveness of such schemes was validated through experiments. We also introduced the so-called
“3-dimensional casting manipulation” by discussing design and time-optimal control of a robotic manipulator able to
steer its end-effector’s dynamics in 3D-space. Some simulation results were preliminary reported.
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