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Abstract—This demo presents the manipulation and interac-
tion capabilites of the DLR lightweight robots. In order to act
in unstructured environments and interact with humans, the
robots have design features and control/software functionalities
which distinguish them from classical robots, such as: load-to-
weight ratio of 1:1, torque sensing in each joint, active vibration
damping, sensitive collision detection, as well as compliant control
on joint and Cartesian level.

I. INTRODUCTION

The Institue of Robotics and Mechatronics of the German
Aerospace Center (DLR) has a long history in the design
of torque-controlled lightweight robots [1], [2]. Thesebai
arms have been developed for application areas which are
fundamentally different from the ones of classical indiastr
robotics. The strengths of industrial robots are espegciagh
positioning accuracy, speed, durability, and robustressyell
as the relatively low price. Therefore, nowadays induktria
robots are especially used in well structured environmeénts
which the position and shape of the parts to be manipulated
are well determined. In these, collisions with the envirenin
and humans can be excluded in advance. High performance
can then be achieved for fast tasks which are repeated nume
ous times. Generally, however the high positioning acqura&.

. . . . . |
requires high stiffness at the price of high robot mass arlll(d%tweight robot technology.

energy consumption relative to the payload of the robot.

In contrast, the robotic systems developed at DLR (arms,
hands, a humanoid manipulator) are designed for interactio
with humans in unstructured, everyday environments.

In such applications robust and compliant behavior is @luci 1he mentioned applications require a low robot mass
and cannot be realized with industrial robots. Therefote, £ompared to the payload in order to enable mobility and

DLR robots are equipped with various sensors. In particuldpinimize the injury risk. Furthermore, extensive sens@ges
the joint torque sensing in each joint enables complianapeh like the torque sensing in each joint, plays a key role for

ior without signi cantly decreasing position accuracy.plyal the performance of the robots. These sensors constitute an
scenarios are: essential feature compared to most other robots: they measu

assembly processes for which the position estimation f@é?t (;”b';;g?gnbggzd'rthefo%eﬁr-r? oﬁsi%dn.tnhe;eggr?ainnge a
the mating parts and/or the positioning accuracy of ggtive vibral pIng 'gh positioning uracy

robot is signi cantly below the assembly tolerance. i.e. active compliance and force/torque control, as wefloas
applications in which the robot works in immediate vicin-"~' ™ : . . ' .
PP ollision and failure detection. Details about the pasgivi

ity of humans and possibly in direct physical cooperatio . i
with them. @ased control strategies can be found in [3].

sensors are also used for the so-called soft robotics dpntro

mobile service robotics applications (arms mounted on To make the meanwhile mature technology available for
mobile platforms), for which the information about theesearchers around the world, a close cooperation with the
position of the robot and the surrounding objects, as welerman robot manufacturer KUKA has been established. The
as about the dimension of these objects is subject tst commercial torque-controlled lightweight robot basen
relatively high uncertainty. DLR technology is expected to hit the market in close future.



Il. ASSEMBLY OF COMPLEX PLANAR PARTS (called theregion of attraction ROA the inserted part will

As a possible application for the DLR Lightweight RobofOnverge to the desired alignment in positien. In Fig. 5,
Il (DLR-LWRIII), in this section we illustrate the autonomne @ complete example of an assembly sequence relative to the
assembly of planar parts with complex geometry on a targé¢/KA logo is shown.
movable plate. Figures 2-3 show the experimental setup
arranged for this application, and detailed views of theduse
parts/plate. In order to realize such a task, a combinatfon o

Fig. 4: A typical region of attraction (ROA) for a sample part
The inserted corner will be guided automatically to positio
X, if the alignment process starts anywhere within the ROA
(e.g. fromx;. 1 or X;.2). If it starts outside (e.g. fromx;.3), a
successful alignment cannot be guaranteed.

Fig. 2: The DLR light-weight robot equipped with an onboard

camera.
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Fig. 3: The8 parts and the plate used in our experiments. - :

Image proces_smg, vision and force_—torque .Cont!’OI IS.nfi!déde (d) Align whole part(e) Straighten up part. (f) Press in part.
fulll the required steps, namely: visual object identitan,  ajong edge.

ne robot positioning, and picking/insertion of the parts.
Vision is used to recognize and localize the target objects,
and to move the robot arm to a de ned position relative to

them. In our case, we adopted thisual servoingapproach  For the complete sequence of picking/insertion, we reabrde
to control the robot pose with visual information [4]-[6] | statistical data oveRO cycles, that is we collected data from
this framework the robotic task is directly specied in tesm 160 assemblies (see Fig. 6 for the distribution of the parts
of some image features extracted from a target object. Theg®{ the plate). Altogether, the robot was able to ind&d
features are then used to control the robot/camera motigarts successfullyo:25%). In four cases the assembly failed
through the scene until the nal robot pose is reached.  pecause the vision system was not able to detect the part or
After the visual positioning task over the selected hole isole reliably (lost tracking during motion three times, enc
completed, the insertion has to be executed without visigRe part was not found initially). In the remaining two cases
support since, in this phase, the target hole exits the @mgjsual servoing was completed successfully, but the iiwsert
eld of view. Due to the complexity of the parts used infajled because the robot missed the ROA. No error recovery
this application, we adopted an off-line planning algarith was implemented for these experiments, in case of errdes (li

in order to generate robust insertion strategies [7], and W&t tracking) the current part was dropped and the sequence
exploited the Cartesian impedance control framework [3] @®ntinued with the next part.

a means to achieve an active compliance behavior during the

insertion phase. The main idea of the insertion planning is !l SAFE PHYSICAL HUMAN-ROBOT INTERACTION
visualized in Fig. 4. Consider the compliance controlleboto  The desired coexistence of robotic systems and humans in
having inserted a corner of the part into the hole at theahitithe same physical domain, by sharing the same workspace
con guration x;. For a certain set of starting con gurationsand actually cooperating in a physical manner, poses the ver

Fig. 5: Example of the presented insertion strategy.
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Fig. 7: Potential injury level of the human head caused byrapact of the DLR-LWRIIl expressed by the Head Injury
Criterion (HIC).

Fig. 6: Top view of the distribution of parts and plate during
the statistical evaluation of the automated assembly. Tadls
circles represent the gripping handle for parts in the istart
position (left) and inserted in the plate (bottom).

Fig. 8: Block diagram of the disturbance observer, estingati

fundamental problem of ensuring safety for both the user afdSt order ltered versiorf of the external torqueex: . The
the robot. nonlinear feedback term(q;q) is dened as (q;q) :=
In order to measure the potential danger emanating frdrd: DA+ 9(a)  M(a)q.
the DLR-LWRIII, impact tests at the Crash Test Center of the
German Automobile Club ADAC (see Fig. 7 (left)) were con-
ducted [8]-[10]. The evaluation of the Head Injury Criterio M ()Q. It can be shown that the outpfitof the disturbance
(H|C) indicatedvery |Owinjury and iS shown in Flg 7 (rlght) observer is a Component'Wise decoupled and ltered version
Apart from evaluating impact scenarios, fast detection &f the joint torque o resulting from external collision. This
collision or failure is absolutely necessary for a robottth&ignal is then used as a basis for the collision detection.
interacts with humans. Joint torque sensing, together with . .
good robot model are used to realize this. B. Collision Reaction
After a collision has been detected and isolated, an ap-
propriate robot reaction has to be triggered. Various react
The principle behind our collision detection is introduded strategies were proposed in [11], [12] which range from $ymp
[11], [12] and shown in Fig. 8. In the upper part the rigid bodgtopping the robot to switching to different compliant msde
dynamics is sketched (while neglecting the joint damping), Certainly one of the most critical situations is an impadtwi
whereas the lower part represents the collision observes. Tsharp tools, such as knifes, scissors, or scalpels. By cammo
can also be interpreted as a Hamiltonian observer, since semse, we would expect that no robot reaction would be able
basic concept is to observe the angular momenfun¥ to prevent serious injury in this case. However, in [13] a enor

A. Collision Detection



differentiated picture and very encouraging results amvsh

In this demo the collision detection and reaction schemes
implemented on the DLR-LWRIII are presented and “hands-
on” experiments will be shown, letting the visitors expade

the subjective safety feeling.
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