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Abstract— For achieving dynamic manipulation capabilities
that are comparable to human performance in terms of
speed, energetic properties, and robustness, intrinsic agticity

is widely proposed as a necessary robot design element. In
this paper we show how passive compliance can be exploited ¢

for a 6-degree-of-freedom (DoF) cyclic ball dribbling task
with a 7-DoF articulated Cartesian impedance controlled DLR
Lightweight Robot Il [1]. For this, the robot is equipped wi th
an elastic hand, which extends the contact time and therefey,
also enlarges both, observability and controllability of te ball.
We show via simulation and experiment that it is possible to
achieve a stable dynamic cycle based on a solidDoF analysis
from [2] for the main axis together with control strategies for
the secondary translations and rotations of the task. The $eme
allows also the continuous tracking of a desired dribbling leight
and horizontal position. As a human is able to dribble blindly,
we decided to solve the task by force sensing only, i.e. no B
is used for our approach, however, could be easily incorpotad.

. INTRODUCTION

Fig. 1. The DLR hand arm system.

utilizing a solid plate as hand. The control relies mainly on
the ball tracking vision system for stabilizing reactiotrs.
[6] some theoretical analysis was given for using an elastic
ontact element based on an optimal control trajectory.

A dribbling related task is the classical juggling problem,
which was first treated in [7]. In [8] the first blindly juggtin
robot was described. [9] used only a linear motor for jugglin
without the need of active ball tracking, as the lateral owoti
is stabilized by the shape of a juggling paddle. In [9]
the authors compared @H, optimal controller with their
previous open-loop control, which turned out to have simila
performance characteristics.

In this paper we provide insights into the problem of
elastic dribbling. Generally, it is very suitable to further
understand how intrinsic elasticity enable high-perfanoea
and energy efficiency during highly dynamic and repetitive
tasks ( e.g. in throwing [10], walking [11], and batting [12]
These applications pose high demands on the robot in terms
of speed, dexterity, and robustness.

In this paper we present the design of a falDoF
elastic dribbling controller and perform simulations and
experiments for its validation. We consider the problem of a
rather stiff Cartesian impedance controlled lightweigim a
that is equipped with an intrinsically compliant hand. This
intrinsically elastic part of the robot dynamically storasd
releases elastic energy that is transferred between bdll an
robot. The work presented in this paper intends to lay ground
on our future work for full Variable Impedance Actuation
(VIA) arms. Recently, we have built a fultDoF VIA arm at
DLR [13] (see Fig. 1) for which the extension of the methods
developed in the present paper is certainly the next step to
take. The ground work for our presented analysis is given in
[2], where we analyze the stability, power characteristesl

Hybrid object manipulatioh has been investigated for robustness of d-DoF elastic dribbling systefn There, we
many years. Robot dribbling is such a task and was firslso design a stable observation method for tracking tHe bal
introduced in [3]. The authors used a half-cylindrical tubdased on contact force measurement only. The extension to
for mapping the system to 8D system. The control is the full dimensional problem enables also the stable tragki
reactive and pushes the ball only downwards if a contacf dribbling at a desired position and heifjht
is detected while, depending on the contact position, a spin The paper is organized as follows. The extension of the
type effect is also appliéd[4] utilizes a high-speed multi- 1-DoF system from [2] to full6-DoF is done in Sec. II.
fingered hand for dribbling a ping-pong ball with high-spee&ection 11l extends the observer from [2] to all three trans|

vision. [5] introduced a basketball playing industrial obb

The first two authors contributed equally to the work. S. Hatid,
K. Krieger, Mirko Kunze and A. Albu-Schaffer are with thestitute of
Robotics and Mechatronics, DLR - German Aerospace Centesslig,
Germany, contactsam . haddadi n@ll r . de

1we refer to discrete switching between contact and nonacbrsitua-
tions, where hybrid systems theory can be applied.

2As the referenced publication is only a video, it is not eaclear
which degrees of freedom (DoF) are purposely controlled.

tions and adds a control scheme for the lateral ball motion.
Human dribbling experiments, simulations, and dribblirg e
periments with &-DoF DLR Lightweight Robot 1l (LWR-

[lI) [1] are presented in Sec. IV. The paper concludes with

3please note that you may download the preprint of the pamen fr
www.safe-robots.com/dribbling.html.

4Actually, our scheme allows also to adjust the dribblingyérency and
amplitude. However, this is omitted for brevity



Sec. V. vectors will be expressed i} unless specified otherwise.
Videos of the robot dribbling, showing the perfor-Hence, we drop the index for this frame.
mance of our controller, can be viewed at www.safe-

robots.com/dribbling.html or in the video attachment. A. Ball modd
The ball is modeled as a free body with the gravity
Il. MODELING vector g and the contact forcd’ g acting on its perimeter.

In this section we outline the ball and hand model suitablg is described by three translational coordinates =
for 6-DoF dribbling task. A schematic view of the model is[zp y5 zp5]T, the respective velocitycz, the quaternion
depicted in Fig. 2. In reality we use three fingers that ar¢; = [qo ¢1 ¢2 ¢3]*, and three rotational velocitiesp =
mounted along one common plane, cf. Fig. 3. The fingefa.z 55 v5]7 about the axes ofW}. Its equation of motion
are made of spring steel, while for impact damping issues
foam is glued to them.

Zp mLBFB +g
€ | = %Q(q)we : )
(.;JB Ig (’I’B X FB)
| P with = being the vector from the ball center to the force
| [ application pointyng the ball mass, andg the ball inertia
4 i T tensor, which is diagonal due to the ball’s rotational symme
y é/é try. Q(&) is a matrix that maps Cartesian velocities; to

1 guaternion velocities [14]. The calculation of the forEg;
| for the different phases is shown in the following paragsaph

0e A o | ’ | For the control presented later it is useful to have the trans
;4—* ‘ ,'4~ l lational coordinates also in cylindrical coordinateg, =
3 Vo Ry g o dp zp]T, see Fig. 2. These are obtained via
® i vy L e ©B arctana(—zp,yp)
””””””” xp. = | dp | = Vah + vk - (@
a g7 e =
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B. Floor contact

The ball is in floor contact if
Fig. 2. Definitions and conventions for the overall hand-babdel.

zp <rp, (3

with r5 being the ball radius. The contact force consists
of two componentsF'r¢, is the normal force andt’ ¢,
the force tangential to the floor plane.

1) Normal force: The normal force is calculated by a
Hunt-Crossley Model [15] that is chosen to be

FFC" = [*KF(ZB*TB>*DF(ZB*7’B)2B] €., (4)

with Kz being the stiffness constant atiel= the damping
constant.

2) Tangential force: The physical effect caused by the
tangential force is that the relative velocity between balfi
floor fades away over the contact. This is taken into account
by a lumped LuGre model [16], which is given as

Fig. 3.  Elastic dribbling hand used for the experiments wiite DLR
Lightweight-Robot III.

- s = forc,| - Zored, ®
In the modeling part, we assume them to be massless and FC, g(vre,)
use only _thelr respective spring c_haractens_ﬂcs, cf: _g. F, = (00s+ 015+ 0alvre,|) | Fre,l, (6)
Both bodies are described by their respective position and
orientation. The relevant frames are the end-effector éram With
EFE}, the world fram I n the floor), an - va|®
{EE}, the world frame{W} (located on the floor), and 9(re,) = pe + (s — pe)eoren /vl (7

the base framg0} (above the world frame). The spring
mounting is translated into thEEE} frame by the offsets s is the slip between ball and floos, the rubber longi-
0, andd,. tudinal lumped stiffnessy; the rubber longitudinal lumped
In the following, we derive a suitable ball model and therdamping,o» the viscous relative damping,. the normalized
show how to obtain the relevant forces acting on the ball. AlCoulomb friction, s the normalized static frictiony, the



Stribeck relative velocity,F,, the normal forcewrc, the for the normal direction of the contact. The stiffness
relative velocity. The steady-state friction/slip chdesistic K (xp, E,I) is calculated from the linear theory on
is captured bya. In our simulations we use following Bernoulli beams, see Fig. 5. The foréédenotes the force

numerical values that is applied by the ball. This causes two reactidig
(00 01 03 e fs Vs @ andN, as well as the bending line(z), which is calculated
C S S 8
=[1000 N/m 100 Ns/m 0.1 Ns/m 0.8 0.9 20 m/s 1]. ® by 18]
. 2
The parameters are chosen such that the friction reaches Bl d“w(z) M, (2). (12)

its steady state in the short floor contact time. The Coulomb VTd2
friction parameters are given in [17]. The relative velgcit

: E is the modulus of elasticity/, is the geometrical
sought after is calculated by

moment of inertia around thg-axis, and/,, is the bending
vre, = [0 e, e]zp +[00 — rg]T x wg. (9) moment around;, which is obtained by

Furthermore, (9) provides also the direction of the tan-

_r P 0 for z < zp 13
gential force, as it acts in opposite direction to the reati y(2) = \’f.F/*ijL F(z—zp) forz>zp' (13)
velocity. =Mr =N
C. Hand model

The robot end-effector will later be commanded via a
desired frame fed to a Cartesian impedance controller (see
Sec. V). The rotation matrix is described by a well chosen
set of Euler angles in the sense of the task, whose rotation
order is depicted in Fig. 4. Mp | N

Fig. 5. Calculation of spring stiffnesk” seen at the contact point.

Evaluating (12) atzp results in a relation between the
force and the bending atr as
ro Bl

32%
N~

K

w(zp). (14)

Therewith, the stiffnes& seen at the contact point is known.
The tangential direction of the force is calculated anatogu
to Sect. II-B by utilizing a LuGre model. The full contact
force wrench is denoted bf.,, = [FEFL, EEMT 1T,

ext ext

Fig. 4. Rotation order for commanding the orientation of diehe robot  E. Elastic joint robot model
hand, which is sketched as a plate. . . . . .
In this paper, we show simulations, which consider the

The first coordinate systefiC'} is collinear to the base robot to b_e a position/velocity source b_ut also simulations
frame. The first rotation acts around theaxis and is and expenr_nen.tsthattake the full dynamlc.model aqd con_trol
later used for controlling the ball along thg; coordinate. of a Cartesian |n_1pedance controlled ro_bot into consﬂma_n
Thereafter, the coordinate system is rotated around the néerefore, we introduce the underlying set of equations
2-axis, which will be used for controlling the ball along the@scnbmg the robot dynamics next. The controller is oetli
o5 coordinate. The last rotation is around thexis of the 1N Sec. I1l-C.

base frame and is used for tracking the ball position. Due to the lightweight design of the LWR-IIl it is not
sufficient to model the robot by a second-order rigid body
D. Hand contact model. The non negligible joint elasticity between motod an

The hand contact is calculated similarly to the floodink inertia caused by the Harmonic Drive gears and the joint
contact. Therefore, it is advantageous to use the positidarque sensor has to be taken into account into the model
vector of the ball expressed iiEE}. The condition for equation. For such a robot the following flexible joint model

hand contact is can be assumed [19]:
EE,TB >0, +rB. (10)
We assume the absence of damping in the hand as the M(q)G+C(q,q)a+g(a) = 77+ Texr  (15)
fingers are made of spring steel. Hence, we get BO+1; = T, (16)

EE_FHC71 = K(.’BB, E, Iy)(fEExg —+ 51 —+ TB)EEEI (11) TJ

K;(0—-q), (17)



with g being the link side positiond the motor position, = The measured force signal contains not only contact
T the elastic joint torqueM (q) the mass matrixC(q,q) forces, but also high frequency noise, disturbances dugeto t
the centripetal and Coriolis vectag(q) the gravity vector, oscillations of the intrinsically compliant fingers, aneitial
K; = diag{K,} the diagonal positive definite joint stiff- effects of the load seen by the sensor while performing the
ness matrix, an® = diag{ B;} the diagonal positive definite dribbling motion. Therefore, we need to compensate the most
motor inertia matriX. The external joint torque is generatedsignificant effects for reliably estimating the contactifios
by the ball contact wrench measured in the wrist sensor vi the ball. In order to eliminate the high-frequency noise,
Tert = JLEPF ., with J being the{ EE} Jacobian of the simply filter the raw signal with a PT2 element. As the finger
manipulator. oscillations have only a small amplitude and the associated
In the next section we give an overview on the extensiofiequency is very close to the frequency spectrum of the
of the ball observer from [2]. Furthermore, we outline howcontact force, we neglect this effect. Because the desired
to control the ball for achieving a robust dribbling cycle. dribbling motion demands very high acceleration, inertial
forces due to the load mass are the most significant distur-
lI. CONTROL bance. Since acceleration cannot be obtained from cuyrentl
Our aim is to dribble blindly with force feedback only. In available position sensors via twice numerical differatiin,
order to cope with process uncertainties, we need to rgliablve need an appropriate method to observe the Operational
observe the ball position. Based on the ball observatios it space acceleration of the robot flange.
possible to design a control law that is able to stabilize the In order to get a reliable acceleration estimate, we use a
dribbling cycle. nonlinear disturbance observer according to [22]. It isrofi
as
A. Ball observer g=M"'(1r-n(q.q) — Kolqg—q)), (20)
In this paper we observe the ball with the method de-

scribed in [2]. Based on the measurement of contact f6yced'Nere @ denotes the observed joint position(q,q =
(a,q)q + g(q), and Ko is the observer gain matrix.

a sliding mode observer can be set up for the estimati@. : . . 4
9 b ith this we get an observation af that relies on the

of the vertical ball motion. The other translatiomg and .. . . .
i can be observed by a similar scheme. It consists of easurement of the joint position and velocity only. Figbire
[epicts the according signal flow diagram.

sliding mode observer [20] during hand contact and a mod
based prediction in the remaining non-contact pha$te
observer input is the ball position obtained from measured

wrenches in the wrist frame (end-effector frame). Since we \rm
assume negligible contact moments, we can use the principle 77

of solidification for calculating the ball position, i.e etfe has

to be a straight line on which no moments are acting [21].
This straight line®#rg(\) can be found by solving

EEMezt —bE TS()\) XEE Fezt (18)

C M1

@l
-

for EErg()), with X being the curve parameter of the [ [~~~ """~ """"""""""""""7 "~ ar—n0 1"
straight line. Therewith, the contact poifif'r. is obtained :
from the intersection of®“rg(\) with the finger plane :
EEy— _§,. FEM ., is the measured contact moment and |
EER,.. the measured force vector. WitiPr- and (14) we : ] . ]
obtain the stiffness at the point of contact. Hence, with the : ., U - 1 .3
i
I
I
I
I

direction of the straight line, which is given B§F F..., we
get the ball position as

EEf EER,| fo
EE _EE ext ext
rp="""Tc+ FEF .| (—TB + m} : o _________Observer!
19)
This quantity takes the ball radiusz and the spring Fig. 6. Velocity disturbance observer.

bending into account. As the sliding mode observer tends . . . .

to scattering, we filter the observed ball position with a PT3 With the observed joint accelerations we can easily obtain
element prior to using it in the feedback loop (see Sec. )“_Bthe Cartesian acceler_atlons_ and consequently also thesforc
Therewith, we get a reference that is three times contigousfit® 0 load accelerations via

differentiable, i.e. only jerk scatters. x=Jq+Jq. (21)

SPlease note that for sake of clarity we omit the joint damging motor ~ B. Control

side friction (they are, however, taken into considerafmrthe simulations). . o .
61n this paper we utilize a JR@ DoF force/torque sensor mounted in the In general, we intend to stabilize the ball at a Steady point

robot wrist. Tpc, (in fact at a projection on the horizontal plane). For
"For the details on the observer design please refer to [2]. the vertical motion we refer to the methods developed in [2],



where we give a stability proof and a robustness analysis ftnajectory generation side via Cartesian impedance cbntro
the 1 DoF system that is excited by the vertical trajectory This can be considered as the closest approximation of a
Asin (57 for ¢ & [0: AT full passively compliant system that can be.realized W!th
At =05 (.ﬁ ) + 20 or ¢ € [05 57} (22) the LWR-IIl. Therefore, we shortly summarize the main
—1Asin (35t) + 20 forte |3T:T]. characteristics of the used scheme.

In this paper we incorporate also the vertical ball mdtion C. Cartesian impedance controller

For stabilizing the lateral motion the hand needs to follow Based on the elastic joint model described in Sec. II-E
the observed ball position from Sec. lll-A. Since we wantollowing controller structuris used for controlling the full

to control the ball in cylindrical coordinates (see Fig.te  robot dynamics simulation and the real-robot. It enablgh hi
desired position is performance Cartesian impedance control at a rateldfiz
with velocity feed forward. The closed form solution of the

es —(dp — Ap) —si :
;Z _ (( di _ AI;)) CO:EI;(;O)B) (23) overall scheme can be written as
Pdes w5 u=—J(q)" (K. 2(q) + Do(q)) +g(0).  (26)

with Ay being an offset from th¢ EE} coordinate system wherew is a new control input (instead of motor torque) for
to the middle of the finger. For attracting the ballig., ~  a lower level full state feedback controller (incorporatiof
we use a simple PID control for the two remaining hangnotor position, joint torque, and their respective deiest)

rotations: [23]. The impedance control is designed with following
Baes = Kpp(dp,,. — dp) quantities. K, D, € R™*™ are the diagonal positive
t definite desired stiffness and damping mattig. € R™ is
+ Km/ (dp,.. —dp)d dp (24) the desired tip position in Cartesian coordinates , which is
0 . commanded via the control law described in the previous
+ Kpp(ds,,. —dp), subsection, ande(q) = x(q) — x4. x(q) = T(q) is the
forward kinematics mapg = h~1(0) is the static equivalent
Vaes = Kpy (B4, — ¢B) of gq. The gravity compensation ter@(0) is a function
t of the motor position and is designed in such way, that it
+K17/ (¢B4.. —¢B)d ¥B (25)  provides exact gravity compensation in static case. In the
0 i simulation and experiments presented later we seld€tetd
+ Kpy(PBa.. = PB), be K, = diag{1500 1500 1500 200 200 200} (translational

with K, being the respective gains for the PID control. stiffness in N/m and rotational stiffness in Nm/rad).
In the following section we first present human dribbling
measurement data obtained via passive marker tracking.

Az, T - Furthermore, we show some simulation results based on the
Srraj T | model from Sec. Il and Sec. lll. Finally, the experimental
Bee. e BEF, confirmation of the elastic dribbling controller is given.
PID IV. SIMULATIONS AND EXPERIMENTS
T Ep EEF A. Human dribbling measurement
Zobs Eril

Fig. 7. The overall dribbling controller consists of thejécory generator,
the ball observer, and the wrench filter. The trajectory geoe takes into
account the ball estimation coming from the ball observérctvis purely
generated from interaction force measurement.

The overall structure of the closed loop system is shown

in Fig. 7.4, zo andT a}re SPeCiﬁed by the user for the giv,enFig. 8. Setup and marker positions for the human dribblingeexents.
parameters of the-axis trajectory (stable ranges according

to [2]. G denotes the robot ball model. Its measured outputs |, order to understand the speed requirements needed for
areEtge contact force yvren@nE}'?m and the robot EOS'“O” human dribbling, we carried out some experiments in which
x. PP F oy is filtered inXpy. This filtered signaP®Fri 3 human arm and the ball were tracked with a Vicon tracking
is fed to the observer o, in order to construct the position system. The sampling rate 50 Hz and eight cameras
estimatez . This is then used in the control laws given byyere used to have good scene coverage. Figure 8 depicts
(24) and (25). the locations of the tracked markers that were attached to

In order to prepare future experiments with the DLR handqe arm, hand, and ball. The markers of the ball were placed
arm system, we decided to interface the LWR-IIl from the

9Please note this is a simplified view on the structure, whiels shosen
8For this, we still have to develop a stability analysis inufiet work. for better understanding.



Fig. 9. Sample data of a tracked pose visualized in ViconlQ.

Fig. 11. Tracked arm/hand configuration for human dribbbfig@ semi-pro
such that both, its position and orientation could be ex#hc human player.

despite coverage during hand contact. Figure 9 depicts a
sample of the measured position (upper) and velocity (Ipwer - . _ )
for the ball and three hand markers. In Figure 10 somi89) - Figure 12 depicts the resulting ball, observer, and
sample cycles of the tracked data are shown. Interesti nd motion. In the upper plot the_lateral position is shown.
to notice is that besides the vertical motion the hand alsHe Stéady state point of the ball is locatediat= 0. The
performs a rotation around the radial axes of the han@nd is expressed ifF £}, which leads to the shift of the
(see also Fig. 11). This is also observed from the veloci and with respect to the ball (finger length). Clearly, the
plot, where the wrist and knuckle of the middle finger stop?@!l Stabilizes at the desired position. In the lower plat th
accelerating at the end of the hand contact. Then, the fipgerY€rtical position is depicted. Also in this direction we aiot
guides the ball and injects the most significant amount ¢ Stable cycle for the ball motion. Furthermore, we see that
energy into it. the observer converges within two cycles towards the true
ball trajectory.

— Wrist
. —Knuckle of middle finger
o | | i —Tip of middle finger

~~-Ball center —Qbserver
‘ P T . -Ba

dB [m]

Z [m/s]

Fig. 10. Position and velocity for a sample dribbling measuent of a % : 5 ‘
semi-pro human player. t[s]

The mentioned wrist rotation is also visible in Fig. 11,Fig- 12. Position for a simulation with a 3 DoF ball. The upgot
. . . h shows the distal coordinate, while the lower one depictsattieal dribbling
where the arm motion is shown along the time axis. Thgetion.
indicated points from top to bottom are the shoulder, ellbow
wrist, knuckle of middle finger, and tip of the middle finger. . . : .
It is clear that the two lowest lines, which represent therpal C. Smulation with a 6 DoF ball in 3D space
and the finger, are rotating. The simulation results presented now are done with the
The simulation results shown next are planar, i.e. the baMll dynamic model of the LWR-III (see Sec. II-E) that is
has3 DoF. The robot is modeled as a velocity source ogontrolled via Cartesian impedance control (see Sec. )llI-C
which the elastic finger is mounted. Bascially, we lock the Figure 13 depicts the ball and hand positior{ i} again
adaptation of the translation in direction and the rotations for a regulation dribbling task, however, for a full simudat
about they and z axis in the model from Sec. II. of robot and impedance controller. Please note that the same
y-axis offset as for th&-DoF simulation is present. As one
B. Smulation with a 3 DoF ball in 2D space
his fi . lati h 101 all simulations and experiments we use following matgré@ameters
FOI’ this 'rs_t simu an_on, _We assume_t € _r0b0t to be fbr calculating the reflected contact stiffnegs:= 210000 N/mm?, Iy =
position/velcoity force (i.e. ideal dynamic trajectoryadk- vh3/12, b = 30 mm, andh = 1 mm.
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Fig. 13. Relevant ball coordinates for a full dynamic sintiola (robot
modeled as a flexible joint robot, full-state feedback aulfer for the motor,
and overlaid Cartesian impedance controller) with BoF ball.

can see the motion converges quickly to the desired stat
dribbling cycle in all three axes. Figure 14 shows the canta
forces expressed iIREE}. The maximal contact force is
~ 20 N along thez-axis. The forces in the-axis are caused
by the friction of the ball.

Fig. 14. Contact forces for a full dynamic simulation (rolmatdeled as a
flexible joint robot, full-state feedback controller foretimotor, and overlaid
Cartesian impedance controller) with6aDoF ball.

—Ball
f7

L L I
35 45 50

L L L L
35 40 45 50

% ES 20 25 50 55
t[s

Fig. 15. Relevant ball coordinates for a tracking dribblisignulation
(online setpoint adjustment) with @DoF ball.

lateral set-point and desired distal point online, i.e hvifie
designed controller the robot is able to follow a desiret-dri

bling trajectory [ds(t), ¢5(t)] without destabilization The
possible online adjustment of dribbling frequency, dribdl
height, and amplitude is not shown for brevity. Howevers thi

can be viewed in the video. In the depicted simulation the

robot performs a simultaneous rotation 4§ © and distal

motion of 7 cm. Clearly, the dribbling cycle is maintained.
The experimental validation with the LWR-III that is

equipped with an elastic hand is described next.

D. Experiments

0.1]

ep [m]

0

— I I I I I I I I
0']0 1 2 3 4 5 6 7 8

Fig. 17. Distal coordinatédz and rotationp z measured for a the LWR-III
dribbling experiment.

Figure 16 shows an image series of successful elastic
dribbling with a LWR-IIl. The utilization of the elastic
fingers can be clearly observed. A sample measurement is
depicted in Fig. 17 and Fig. 18. In the first figure the ball
position in cylindrical coordinategz and ¢ is shown. In
the second figure we find the disturbance compensated end-
effector forces. The maximal force in the upper plot is in
a similar range as for thé DoF simulation, see Fig. 14.
Furthermore, the finger oscillations can be observed mainly
in  direction of{ EE'}. Overall, the robot is able to stabilize
the motion of the ball. As one can see in the attached V¥deo
reacts to disturbances (model uncertainties).

V. CONCLUSIONS

In this paper we showed the results of stable dribbling with
an intrinsically compliant robot. Based on force sensing an
associated ball observation only, we are able to reactively
adjust the robot motion such that system errors (ball, robot
and sensing uncertainties) can be coped with. The robisstnes
of the proposed method, which incorporates intrinsic ocinta
compliance and resulting energy transfers, shows the large
benefit one can gain from intrinsically compliant actuation
in terms of cycle stability, robustness, and manipulabilit

A video showing the simulation and experimental results is
provided as a video attachment or can be downloaded from
http://www.safe-robots.com/dribbling.html at highesso&i-
tion.

1You can also find a higher resolution version at hitp://wvafes

Figure 15 shows that it is possible also to vary theobots.com/dribbling.html.



Fig. 16.
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Fig. 18. Experiment force.
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