Dynamic Manipulation: Nonprehensile Ball Catching
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Abstract—Most industrial robots nowadays still employ a bar which was actuated around a revolute joint. Burridge
strategies that neglect or minimize the effects of task dynamics. et al. followed up this work and described a mirror law for
Some tasks, however, are intrinsically dynamic and can only be ¢aiching a ball with a three DoF robot and a planar paddle
accomplished by considering their dynamic aspects. We address d effector [6]. Fresea al ted ball catchi ith
ball catching as a prominent and widely studied example as end effector [6]. Fre .pr.esen ed ball catching wi
for such a task. The paper follows a special approach to @ Seven DoF robot [7]. In their setup, a basket served as
accomplish the task: the nonprehensile catching, which means end effector to catch the ball. Riley and Atkeson investdat
catching without a form- or force-closure grasp. Depending on  pall catching with a humanoid robot using a baseball glove to
the tracked ball velocity, two different catching methods are catch [8]. Namikiet al. developed a high-speed vision system

proposed: First, catching of the ball during the initial contact. . - .
Second, catching the ball after an initial rebounce during the with a sampling rate of 1 kHz and a resolution of 128 x

subsequent contact. For both approaches, the ball trajectaris 128 pixels. They combined the system with a multi-fingered
predicted with a recursive least squares algorithm. The dynamic robotic hand with eight DoF and demonstrated catching of a
manipulability measure is used for the contact point selection. rybber ball [9]. The hand was mounted stationary on a table

Once a permanent contact between ball and end effector is gnq yertical ball trajectories were investigated. Sneittal.
established, a balancing control based on force/torque feedback . L
studied teleoperated ball catching in [10].

is applied. Both methods are experimentally validated using a

six DoF industrial robot. Lynch and Mason discussed controllability, motion plan-
Keywords - Dexterous Manipulation, Reactive and Sensor- ning and implementation of planar dynamic nonprehensile
Based Planning, Real-time Control, Robotics manipulation [2]. In addition, the concept has been previ-

ously considered in various applications: Arai and Khatib
. INTRODUCTION investigated the task of parts reorienting using dynamic
In accordance with [1], we refer the terdynamic ma- forces [11]. Aboafet al. applied learning approaches to
nipulation to methods whichactively use the task dynamics improve the robot’s ability to juggle a ball [12]. Robotic
instead of merely tolerating them. Dynamic manipulatiojuggling and batting tasks were also investigated by Scéiaal
offers two potential benefits: First, the execution timeaskis al. [13], Buhler et al. [14] and Andersson [15].
can be reduced. Second, the dexterity of the robotic systeén Contribution
can be increased since numerous manipulation tasks are
intrinsically dynamic and can only be accomplished by con- Previous works on robotic ball catching focused mainly
sidering the dynamic aspects. For conventional manimnati on catching with either a force- or a form-closure grasp. An
with form- and/or form-closure grasp, task/object specifiexception is the work of Burridget al. which discussed the
grippers are necessary. Here, the nonprehensile approashmprehensile catching of a ball with a three DoF robot [6].
offers two advantages: First, the development of a gripper In our previous works, other dynamic manipulation skills
dispensable [2]. Second, a generic end effector designde.ghave been investigated [16]. This paper presents a control
plate) allows the handling of bulky objects. The increase idesign for two nonprehensile catching strategies based on
dexterity and the cost efficiency motivated the investiati combined visual and force/torque feedback. The approach
of nonprehensile object catching. considers relevant strategies for realizing flexible otofjemn-
dling. To this end, the catching task is investigated inehre
A. State of the Art dimensional space. Also, specific challenges of the cagchin
The task of robotic ball catching with a form- or force-task are discussed: accurate tracking of the ball, modedéa
closure grasp has been studied by various researchers: Amrgjectory prediction and exact planning and executiorhef t
dersson realized two-dimensional catching of ping-ponig ba robot motions. The remainder of the paper is organized as
up to a speed of 1.3 m/s with a PUMA robot arm [3]. Hoveollows: In Sec. I, the hardware setup, composed of robotic
and Slotine presented three-dimensional catching withua foand vision system, is presented. A detailed descriptiohef t
DoF manipulator [4]. Bihler, Koditschek and coworkers suc-control design is given in Sec. lll. Experimental results ar
cessfully applied a mirror law for catching a puck constedin  shown in Sec. IV. Finally, a conclusion and outlook can be
to lie on an inclined plane [5]. As control input they usedfound in Sec. V.
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For the experiments, a &ibli RX90B industrial robot 9 | 9
with six revolute joints is used. The robot is equipped with Fig. 1. Overall control structure

a six DoF force/torque sensor at the end effector. For the

catching task, a circular plate with radius 0.17 m serves agperation. Finally, by computing the first order moment of
end effector. In order to implement and evaluate own contrghe image, the center of the ball is obtained. A block diagram
concepts, a PC-based controller has been developed whishthe image processing algorithm is depicted in Fig. 2. In
works in parallel with the robot control unit. The configu-order to increase the tracking frequency and to reduce the
ration, calibration and supervising of the robot is perfedn tracking delay, a window searching method is used: Once the
with the original architecture. The control, however, isged ball is detected in the full size image (1280 x 1024 pixel),
over to the additional PC, which runs MATLAB/Simulink in the search area is reduced to a 180 x 180 pixel window. The
a real-time Linux (RTAI) environment. For further details 0 position of the window is determined by a linear position

the open control architecture see [16]. prediction and tracking is performed with 150 Hz.
B. Vision System .
- , , [
The stereo vision system for ball tracking consists of two P &
Mikrotron MC1311 high-speed cameras, two frame grabbers e
and a general purpose PC with two PCle ports. The tracking hﬁ : Smoothing Filter
algorithm obtains images from the frame grabber for image Ecamf l
processing. The ball position is sent to the control PC via Re 7 | Conversion
a TCP network connection. The two cameras are mounted :;’_“: RGBT“SV
with a baseline b = 2 m and converging axes. The distance R E——
between baseline and fixation point is 3 m, the distance [ trestaa || ookup Tave|
between baseline and robot base is 3.5 m.
[Il. CONTROL DESIGN n el
The overall control structure of the system is depicted ¢ cree Dlaten
in Fig. 1. It has three main modules: ball tracking, ball n De‘ija"
trajectory prediction and robot trajectory generationthe Center (xy)

first module, ball tracking is performed based on visual n ]
sensor information. In the second module, the ball trajgcto

is predicted based on the provided sensor feedback. In
the third module, the end effector trajectory is generated
based on the predicted ball trajectory and the measured ) o
contact forces. The three modules will be described in thig Ball Trajectory Prediction Module

following subsections. For the motion control of the rol®t,  The input for the module is the ball positign (t) tracked
computed torque feed forward control in combination with &y the camera system. The triggering of a throw can be
decentralized PD-controller is used. For the control d'ESlg realized in various ways: One approach is to check whether

Pp

Fig. 2. Block diagram of the image processing

the following assumptions are made: the vertical acceleration of the ball matches the grawiteti
Al  Air resistance and rotational ball velocity are neg-acceleration for a certain period of time. If that is the ¢ase
ligible. one can assume that the ball is in free flight. The drawback

A2 Impacts between ball and end effector are inef this method is that the acceleratian(t) of the ball has
stantaneous inelastic collisions described by thto be determined. If only position information is availgble
coefficient of restitutionc, and with the angle of imprecise/noisy acceleration estimates impede this agpro

incidence equal to the angle of reflexion. Hence, a different approach was used for the experiments:
) a throw is triggered when the vertical ball position exceeds
A. Ball Tracking Module a height constraint. The point in time when this occurs is

The main part of the ball tracking algorithm with the vi-denotedt¢, and the ball is assumed to be in free flight
sion system is color-based tracking. First, the ball isseted  afterwards. In order to find the suitable catching strategy a
according to its color information in the HSV space. Thento generate the corresponding robot trajectory, the ptiedic
the speckle, not related edges and noise in the image akthe ball trajectory is necessary. The prediction is peali
filtered out through an opening (1 x erosion, 1 x dilationwith a recursive least squares fitting method for a sample



period 7. The trajectory for free flight is given by b) Dynamic manipulability measure:
A global measure for the manipulation ability has been

—_— Palk] . Pz0 Yz,0 1 proposed by Yoshikawa in [18]. The measure quantifies the
P = Pylk) = | Pvo w0 t (1) bility for arbitrarily changing position and orientatiohthe
Dalk] — 0-59t[2k] D20 V20 (k] y y ging p

o _ . end effector in a given posture. The main drawback of this
whereg den(_)tes the grawtatlonal_acceleratlon. This resultsoncept is the fact that it is a kinematic measure ignoring
in the recursive least squares estimates for the parameterghe arm dynamics. Hence it is not suitable for precise high-
. o _ T speed motion control. This shortcoming is addressed by the
Mifk41) = Mtk + Ry (pl[’““] R[’““]mz[’“]) (2) dynamic manipulability measure, introduced in [19]. The
wherep; ;.11 is the measured-coordinate of the ball and scalar value is defined as

T
ML = 0Tk i Ok i ; 1 -1
ik = | Piow viop | i€ e,y E) wa(q) = det(J(q) (BT(Q)B(Q)> JT(q))
T H[k]R[k—H] Wd,maz
Ry =[ 1ty |0 b= pr o )
. PRI yhereq € R™ is the vector of joint angles/(q) € R™*™
o) = Mgy — b By Mg (3) is the manipulator Jacobian afel(q) € R™*" is the inertia

With the estimates for the initial state of the ball, the fetu matrix of the manipulator. The sgaling factary, q. is _
ball trajectory is predicted which serves as input for tHeoto  Used to normalize the measure. Fig. 3 shows the dynamic

trajectory generation module. manipulability measure of the utilized robot for differgnt-
] ] planes. The reference coordinate system is located in the
C. Robot Trajectory Generation Module robot base with the-direction pointing vertically upwards.
The trajectory generation is initiated at time= t, + 7%, 2) Catching Trajectory:

when the final prediction of the ball trajectory becomesn order to find possible catching points, the module deter-
available. The inputs of the module are the predicted bathines where the predicted ball trajectory intersects thetro
trajectory f(p, (ty), vs(ts), ), the actual robot pose...(t) workspace. For the intersecting points, the values ptind
and the measured forceB(t) and torquest(t) at the w, are determined by using look-up tables which have been
end effector. The outputs are the desired end effector posgeated off-line. The ten points with the highest combined
Tedes(t) = [Poges(t)T 0c.des(t)”]T, velocity @cq4es(t)  valuew;+w, are selected as a catching point candidates and
and acceleratiort. q.,(t). For the end effector orientation, the resulting trajectories are checked for dynamic fekisibi
the angle/axis notation is used. The module performs ttBased on this strategy, three different cases can ocwur:
following subtasks: First, it applies a selection critetta catch, direct catch andindirect catch. The first case occurs
evaluate possibleatching points (which refers to the point if all catching points violate dynamical and/or workspace
of initial contact). Second, it determines a catching st constraints. The latter two cases are detailed in the fatigw
and creates a feasible catching trajectory for the endteffec two paragraphs.

Third, the module decelerates and stabilizes the ball on the a) Direct Catch:

plate once the contact between ball and end effector has beiy a direct catch, the end effector trajectory at titneof

established. the initial contact has to fulfill the following constraints
1) Catching Point Selection Criteria:

For an intrinsically dynamic task, the robot motion plamnin  p.(t.) = py(t.) + W?ﬂ(il;)\vb
has to be performed on-line based on the provided sensor bite
information. Suitable trajectories have to be generated in@e(te) = as(te), ne(te) | —vs(te). (6)

limited time ar_1d in general there is no _unique_: solutio_n fOHere,rb denotes the radius of the ball and(t.) the normal
the task. In this work, we choose catching point candidat§gior on the end effector plate. Once contact between ball
based on two criteria which will be detailed in the following and plate is established, the end effector is decelerattbin
the distance from mechanical joint limits and the dynamigiraction of v, (t.) with |a.| = 30 m/s. Hence, the time,
manipulability measure. The creation of look-up tablesithe,he the translational velocity of the end effector reaches
allows on-line evaluation of these selection criteria. zero is given by

a) Distance from joint limits:
An intuitive selection criteria is the distance from mediah tg =t + |vp(te)|/|ael- @)
joint limits [17],

(tc)y ve(tc) = 'Ub(tc)v

The end effector constraints at timg for a direct catch are

w (q) = lill wj,i(Qia qi,min, Qi,mam) (4) pe(td) = pe(tc) + ve(tc)(td - tc) =+ O'5ae(td - tc)zv
= Ve(tq) = 0, a.(tq) =0 8
wherew; ; corresponds to the joint limit measure for tHé (ta) (ta) ®)
joint. The value ofw;; equals 1 if jointi is within 75% of  The end effector orientation during the deceleration pligse
the admissible range and gradually decreases from 1 to Odétermined by the balancing control, see subsection BI-C.
the joint is within75% to 100% of its admissible range. The trajectories for the firsttf < ¢t < ¢.) and the second
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Fig. 3. Normalized dynamic manipulability measurg for different yz-planes: (a)x = 0.45 m, (b)z = 0.50 m, (c)z = 0.55 m. The measure is used
for contact point selection based on the predicted bakttayy.

(t. <t < ty) catching phase are generated using fifth order IV. EXPERIMENT & RESULTS

polynomials In order to evaluate the control strategy, the following

experiment was conducted: A basketball was thrown by a
human operator into the robot's workspace. The ball trajec-
where the coefficientse; € R* are determined by the tory was tracked by the vision system. Based on the predicted
initial and final constraints. The resulting trajectoridgie  ball trajectory, an end effector trajectory for direct odirect
catching point candidates are checked for workspace agdtching is created. In the following, experimental result
acceleration constraints violations. A direct catch can bf@r the ball trajectory prediction and the two nonprehensil
performed if one or more feasible solutions are found.  catching methods are presented. To facilitate the pres@mta

b) Indirect Catch: the horizontal ball velocity is aligned with thgaxis.
If the direct catch algorithm does not obtain a feasibl . -
solution, the module checks whether an indirect catch % Ball Trajectory Prediction

possible. Here, the end effector trajectory has to fulfi# th The results of the ball trajectory prediction for the veatic
following constraints at the initial contact tinte: z- and horizonta}-direction for two different sample periods

T, = t, — t, are illustrated in Fig. 4. The prediction is
Pe(tr) = py(tr) —mpme(ty), ve(tr) =0, a.(t,) =0, based on the recursive least squares estimate presented in
n.(t,) = —s/|s|, (10)  Sec. llI-B. In the experiments, a throw is triggered whgn

exceedd).5 m. For they-direction, both sample periods lead

wheres = vy (t,)/|vs(t)|+g/|g|. With the assumptions Al to accurate results: for a prediction horizonaf = 0.5 s,
and A2, the last constraint ensures that the ball reboumcesthe deviations from the tracked are typically less tha@d m

vertical direction. For the indirect catch, there is an iddal (7, = 50 ms) respectively0.02 m (I, = 100 ms). For
phase where the ball is again in free flight. The titgeof  the z-direction, however, the accuracy improves significantly
the second contact &, (t.) = p.(t,) is calculated based when using the longer sample period: fat = 0.5 s, the

on the ball velocityv,(t,) and the coefficient of restitution deviations from the tracked position reduce fram5 m
cr. The constraints a. are identical to the ones of a direct(7, = 50 ms) t00.04 m (7, = 100 ms).

catch with sole vertical velocity. The trajectories for theee

phases of an indirect catch are also generated using fifth Direct Catch

order polynomials and checked for feasibility. An indirect A sequence of snapshots for a direct catch is shown in
catch can be performed if one or more feasible solutions armg. 6: Fort, < t < t., the robot adjusts its position
found. and velocity to match the constraints @t (snapshots 3-

3) Balancing Control: 6). Then, fort, < t < t4, the ball is decelerated and the
A balancing controller is used to keep the ball on the platbalancing scheme controls the end effector orientatiordas
during the last catching phase. K ¢ < t4). This control is  on the force/torque measurements (snapshots 7-15). A catch
activated at time,. when the catching point is reached and as considered successful if the ball comes to rest on the plat
continuous contact between ball and robot is establishieel. T i
position of the ball on the plate is estimated by measurinfy- ndirect Catch
the forces and torques at the end effector. This eliminatesThe ball and effector trajectory for an indirect catch is
the risk of occlusion that exists for vision-based ballking illustrated in Fig. 5. For the initial contact, the end effac
during contact with the end effector. For further details omdjusts its orientation according to (10) to let the ball
the balancing control see [20]. rebounce vertically. The ball is then caught with the second

p.(t) = kst® + kyt* + kst® + kot®> + kit + ko (9)



Fig. 6. Direct catch - experimental snapshots: initial@matby human operator, catching and balancing (sequence frserto(® s)

contact att.. Fig. 7 shows a sequence of snapshots for V. CONCLUSION
an indirect catch: After the free flight phase (snapshots 2- 1y strategies for nonprehensile ball catching with a six

4), the initial contact occurs at. (snapshot 5), the ball poF industrial robot based on visual and force/torque senso

rebounces vertically (snapshots 6-7) and a continuougcbntjnformation were presented. The ball was tracked by a stereo

and balanced on the plate. algorithm was applied to predict the ball trajectory. The
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Fig. 7. Indirect catch - experimental snapshots: initidicra by human operator, initial rebounce and catching (secgidrom 0 s to 2 s)

contact point was selected based on two criteria: the distan [3] K. Anderson, “Real time intelligent visual control of alrat,” in IEEE

from mechanical joint limits and the dynamic manipulajilit Workshop on Intelligent Control, 1985. o
Both the direct and indirect catchina method wergﬂ B. Hove and S. J.-J., “Experiments in robotic catching,Proceedings
measure. bo g of the 1991 American Control Conference, 1991.

experimentally evaluated. For the success rate, which if] M. Biihler, D. Koditschek, and P. Kindimann, “Planning and cantro

currently appr. 3%, there are two Iimiting factors: First, in- of robptic juggling and catching tasksThe International Journal of
. . . . Robotics Research, vol. 13, no. 2, pp. 101 — 118, 1994.
accurate ball trajectory predictions which occur if the plam [6] R. Burridge, A. Rizzi, and D. Koditschek, “Toward a dynauii pick

period for the recursive least square estimations is toat.sho  and place,” inProc. IEEE/RS] International Conference on Intelligent

Second, trajectory tracking errors which occur if the pksohn Robots and Systems 95. "Human Robot Interaction and Cooperative
. . L . Robots', vol. 2, pp. 292-297, 5-9 Aug. 1995.
trajectory is close to the hardware limits of the manipulato 71 | Frese, B. Bauml, S. Haidacher, G. Schreiber, I.28eh M. Hahnle

For the indirect catch, the model-based prediction of tHe ba  and G. Hirzinger, “Off-the-shelf vision for a robotic balather,” in
trajectory after the first impact based on the assumptiofis (A~ Proc. IEEE/RS] International Conference on Intelligent Robots and

" L Systems, vol. 3, pp. 1623-1629, 29 Oct.—3 Nov. 2001.
A2) was found to be an additional limiting factor for the (g w1 Riley and C. Atkeson, “Robot catching: Towards engaghuman-

success rate. This issue can be addressed by using the visual humanoid interaction,’Autonomous Robots, vol. 12, pp. 119-128,
feedback to update the ball trajectory prediction afteffitse January 2002.

. Th d K idered th h 'I%)] A. Namiki, Y. Imai, M. Ishikawa, and M. Kaneko, “Developmeot a
Impact. The presented work considered the nonprenensiie’ nign_speed multifingered hand system and its applicatiomtching,”

catching of spherical objects. Here, the object orientatio  in Proceedings of the 2003 IEEE/RS] International Conference on
does not affect the geometry of the contact surfaces. Feroth__ Intelligent Robots and Systems, 2003.

bi . his i I h H HO] C. Smith, M. Bratt, and H. |. Christensen, “Teleoperatifor a
object geometries, this Is generally not the case. Henee, th " 5catching task with significant dynamicsfeural Networks, Special

presented approach will be extended to track and predict the Issue on Robotics and Neuroscience, vol. 24, pp. 604-620, May 2008.
complete pose of the object. Then, a third selection caiteril1l H. Arai and O. Khatib, “Experiments with dynamic skillsif Sympo-

. . . . . sium on Flexible Automation, 1994.
can be applied which evaluates the object orientation alo ] E. Aboaf, S. Drucker, and C. Atkeson, “Task-level robearning:

the trajectory. In the future, experiments will be conddcte Juggling a tennis ball more accurately,” Rroc. of IEEE Int. Conf.

evaluating the approach for objects with different shapes, = ©on Robotics and Automation, pp. 1290 — 1295, 1989.

s . . . 13] S. Schaal and C. Atkeson, “Open loop stable controltegias for
Whether an indirect catch is feasible will depend on th robot juggling,” in Proc. IEEE International Conference on Robotics

physical properties of the particular object. In addition,  and Automation, pp. 913-918, 2-6 May 1993.

a mechanical spring will be used to introduce an elastid4l M. Buhler, D. Koditschek, and P. Kindimann, “A one degree of
freedom juggler in a two degree of freedom environment,Phac.

coupling between robot gnd en_d effector. Such a design will  |zeg |ternational Workshop on Intelligent Robots, pp. 91-97, Oct.
help to relax the dynamic requirements for the robot and to 31 —Nov. 2, 1988.
increase the success rate. [15] R. Andersson, “Dynamic sensing in a ping-pong playindaty
Transactions on Robotics and Automation, vol. 5, no. 6, 1989.
[16] G. Batz, K.-K. Lee, D. Wollherr, and M. Buss, “Robot basketball:
VI. ACKNOWLEDGMENTS comparison of ball dribbling with visual and force/torquedback,”
The authors would like to thank Kwang-Kyu Lee, Xihua Lu in |EEE International Conference on Robotics and Automation, 2009.
and Andreas Achhammer for their valuable contributions. The firdl7] B. Siciliano, L. Sciavicco, L. Villani, and G. OrioloRobotics -

author gratefully thanks the German National Academic Foundation  Modelling, Planning and Control. Springer, 2008. _
for their support. [18] T. Yoshikawa, “Analysis and control of robot manipulegowith

redundancy,” inProceedings of the 1st International Symposium on

REFERENCES Robotics Research (M. Press, ed.), pp. 735—-747, 1983.
[19] T. Yoshikawa, “Dynamic manipulability of robot manipubes,” in
[1] M. Mason and K. Lynch, “Dynamic manipulation,” ifroc. | EEE/RSJ Robotics and Automation. Proceedings. 1985 |EEE International Con-
International Conference on Intelligent Robots and Systems '93 IROS ference on, vol. 2, pp. 1033-1038, Mar 1985.
'93, vol. 1, pp. 152-159, 26-30 July 1993. [20] K.-K. Lee, G. Batz, and D. Wollherr, “Basketball robot: Ball-on-plate
[2] K. Lynch and M. Mason, “Dynamic nonprehensile manipulatio with pure haptic information,” ifProc. IEEE International Conference
Controllability, planning, and experimentdjiternational Journal of on Robotics and Automation ICRA 2008, pp. 2410-2415, 2008.

Robotics Research, vol. 18, pp. 64—92, January 1999.



