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Abstract— In this paper we review our work on safe acting
and manipulation in human environments. In order for a robot
to be able to safely interact with its environment it is primary to
be able to react to unforeseen events in real-time on basidwplall
levels of abstraction. Having this goal in mind, our contrikutions
reach from fundamental understanding of human injury due
to robot-human collisions as the underlying metric for “safe”
behavior, various interaction control schemes that groundon
the basic components impedance control and collision behiax,
to real-time motion planning and behavior based control as a
interface level for task planning. A significant amount of this
work has found found its way into international standardization
committees, products, and was applied in numerous real-wad
applications.

I. INTRODUCTION
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Fig. 1. The generations of DLR light-weight robots (LWR-WR-II, and
LWR-IIl) and the commercialized version (KUKA LWR).

to show sophisticated real-time responses on interactiae f
level, motion planning, and real-time task planning [14], [
[15], [16], [17], [18]. Generally, our approach of embodyin
reactivity on all levels of robot design and control is to our
understanding the core to safe acting and manipulation in
human environments. Consequently, the careful design and
selection of methods that satisfy this requirement was our
main premise.

In this paper we give an overview of the developed anal-
ysis tools, control schemes, motion planners, and rea-tim
behaviors for robots that are sought to act and manipulate in
human environments. We intend to give a “bird’s eye” view
on the available repertoire of tools and how the developed
methodologies, insights, and algorithms impact robotics i
general.

Il. TECHNOLOGIES ANDMETHODS

A. Lightweight & mechatronic robot design

The most basic step for building robots that interact with
dynamic environments is to design them compact, light-
weight, and with high payload. Only light structures are
capable of appropriate physical reaction to external frce
i.e. have low intrinsic impedance. Secondly, the robot's
proprioceptive sensorization is a key element. Apart from
standard motor position sensing, joint torque sensingthaye
with accurate flexible joint dynamics modeling enable real

Finally, first robotic systems gained sufficient controkqque control and the sensation of contact forces. In ihés |

capabilities to perform delicate and complex manipulatiogs thinking we have developed a series of torque controlled
and physical human-robot interaction (pHRI) tasks that reighiweight robots at DLR that are suitable for a diverse
quire the dynamic exchange of physical forces betweednge of applications involving space, industry, medical,
the robot and its environment. The fully torque-controlled,nq4” Jomestic use. Figure 1 shows the history of the DLR
DLR Lightweight Robot Il (LWR-II) is such a device [1] | jghweight robots, resulting in its commercialized versi
and was recently commercialized by the robot manufacturgye KUkKA LWR [2]. Apart from minor modifications, this
KUKA (KUKA LWR) [2]. This step made it possible 10 manipulator has exactly the same design as3ifegener-
automate difficult and up to now stll_l manually_ executedytion of the DLR Lightweight robots [1], which are kine-
assembly tasks. In particular, the achieved sensible &1d f@,atically redundant7-DoF, joint-torque controlled flexible
manipulation capabilities [3], [4], [S], [6] of the robot@vent oint rohots. The current version is the result of 15 years of
damage from the handled potentially fragile objects anghsearch that produced three consecutive generationse Sin
humans directly interacting with the device. Recentlyyéhe {he | \wR-II weighs13.5 kg and is able to handle loads up to
is strong interest in making classical safety barriers,.gs e |5 kg, an approximate load-to-weight ratio bfs achieved,
fences or light barriers, obsolete for these interactivea®s e rohot is a modular system and the joints are linked via
in order to enable direct physical cooperation between Mg, hon-fiber structures. The electronic parts, includioggr
and robot. For understanding the risks of this undertakiag W.qnyerting elements are integrated into the structure ef th
performed a series of safety investigations [7], [8], [0 arm. Each joint is equipped with a motor position and a
[11], [12], [13], which led to fundamental insight into the jsint torque sensor. Additionally, a 6-DoF force sensar ba
potential injury a human would suffer due to a collisionempedded in the wrist. All electronics, motors, and geags ar

with a robot. Furthermore, we developed human-friendly,ieqrated into the arm, which makes the robot very compact
interaction control and motion schemes that enable thetrobé)nd portable.
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B. Interaction and manipulation control Basically, a severity mappingn : Text — s can be designed

Apart from reducing the reflected mechanical impedanc@ther as a fixestimulus type- reactionor a rather complex
of a robot in order to “make the mechanics sensitive”, th€cision algorithm. In particular, this local interprétat of
design of interaction control schemes is an essential stégntact can classify the intensity and hardness of the conta

for sensitive force exchange with the environment. The moS@S€d on contact frequencies and force amplitudes. This

widely used control approach to physically interact withEnables the robot to act locally very quickly, if unexpedted

robots is probably impedance control and its related SCBemﬁ%}eraotion forces occur and act according to specified petter

introduced in the pioneering work of Neville Hogan [19] and(SomMe details on this are given in Sec. II-E). This can e.g.
extended to flexible joint robots in [20], [21], [22], [3],]5 P€ used for activating automatic recovery strategies durin

This type of controller imposes a desired physical behaviéﬂemiﬁed failed grasping of objects, especially for avog

with respect to external forces on the robot. For instanee tfi€ risk of damaging them. o
robot is controlled to behave like a Cartesian second order 1 N€ Cartesian impedance controller as well as the collision
mass-spring-damper system, see Fig. 2. etection and reaction methods are already integrated in

the KUKA LWR, i.e. available as a commercial product.
Fext = My(X —%4) + Do (% —%4) + K.(x —x4), (1) Importantto notice is that these novel features are coreide

as the key to enable safe pHRI by industry.
where x,x; € RS are the current robot and

desired tip position, Fo,y € R® is the external C. Injury based safety analysis

wrench and M,,K,,D, € R®*® are the desired During unexpected collisions with humans, various in-

Cartesian inertia, stiffness, and damping ten?sorsjuries, e.g. due to fast blunt impacts, dynamic and

Consequently, impedance quasi-static clamping, or cuts by sharp tools may oc-

control allows to real- cur. In order to assemble a larger picture of this

ize compliance of the problem, we discussed and analyzed various worst-case
robot by means of ac- scenarios in pHRI according to the following scheme

tive control. Interaction
with an impedance con-
trolled robot is robust and
intuitive, since in addi-
tion to the commanded
trajectory, a (local) dis-

1) Select and/or define
and classify the im-
pact type

2) Select the appro-
priate injury mea-

Fig. 2. Desired mechanical behavior

turbance response is de'expressed by mass-spring-damper. sure(s)

fined. A major advantage 3) Evaluate the poten-
of impedance control is tial injury of the hu-

that discontinuities like contact-non-contact do not trea man

such stability problems as they occur with for example tgybri 4) Quantify the influ-

force control [23]. However, important open questiond stil ence of the relevant

need to be tackled from a control point of view, such as robot parameters
how to automatically and/or adaptively adjust the impe€anc 5y Eyaluate the effec-
parameters according to the current task. First work in this * tjyeness of counter-

Apart from nominal interaction control, a robot sharing reduction and pre- Fig. 3. Collision experiments with
its workspace with humans and physically interact with its vention an LWR-III HIll dummy (upper) and

environment should be able to quickly detect collisions angytempts to  investigate human (lower).

safely react to them. In the absence of external Sensmr%al-world threats via im-
relative motions between robot and environment/human agg, .+ tests at standardized crash-test facilities and tcthese

unpredictable and unexpected collisions may occur at aRyicome to analyze safety issues during physical human-

location along the robot arm. Various algorithms for copingqp ot jnteraction were carried out. In order to quantify the
with this problem were developed and evaluated. Efficieniyionial danger emanating from the LWR-III, impact tests
collision detection methods that use only proprioceptivg; the Crash-Test Center of the German Automobile Club
robot sensors and provide also directional information fo, ADAC) were conducted and evaluated, see Fig. 3 (upper).
a safe robot reaction after collisions are introduced anBynsecutive work extended the initial analysis for various

validated [14], [4]. other robot types, clamping, and even to sharp contact,

Since our collision detection method gives not only binargee Fig. 3 (lower). Generally, the analysis provides unique
contact information but an accurate estimation of the esler data that helps explaining the characteristics of robotdmu

torques, this injormaftion can_be used to classi_fy the sens@flnacts, which in turn can be used for safer robot design
contact according to its severity. Based on this informatio 5 control. Furthermore, the results are used as an input fo

is possible to design application specific reaction pastétat ¢ re service robotics standards that define “safe” befavi
are automatically executed if the required stimulus is@8ns ¢ -1hots in human environments.

2please note that for the LWR-IIl we leave the inertia unstidpeorder D. Real-time motion planning

to preserve passivity of the controller. In turn, dampingige becomes an . .
important issue since the eigenfrequency is due to the @pesah space Up to now, we discussed rather the deS|gn and low-

mass matrix position dependent. Details can be found in [3]. level control schemes for our robots. However, the reagétim



Fig. 4. Automatic recovery from physical collisions withat¢gime motion
planning.

Fig. 5. Real-time motion planning 400 Hz for a global3-goals motion
planning problem.
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———————————-
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Fig. 6. Simple discrete planner for realizing context sresbehavior of a
robot. This example scheme enables the robot to behaveetiffe during
free motion and object manipulation phase. In this exanfple Ry are
the nominal behaviors izone Aand zone B respectively.inZoneA and
inZoneB indicate whether the robot is operating in free space orectos
the object, defined by a encapsulated surface of certainmuemidistance

to the object.S1 denotes the safety reflex behavior for stopping abruptly
and Sy for switching to torque control with gravity compensatiaf.F,
HF1, and H F'2 denotehuman confirmatiorand contact severity level.

that these algorithms have favorable convergence pregerti
Another key feature of these schemes is the unified treatment
of virtual and physical forces, which allows the systematic
fusion of obstacle avoidance with collision retraction or
exploratory tactile behavior.

E. Behavior based control for safe acting and manipulation

Due to the diversity and complexity of the developed
control capabilities and their sheer number it is non-ativi
to design, implement and switch between them consistently
under the premise of ensuring safe behavior. For that reason
we developed a control architecture and a formal represen-
tation structure for interactive robots, which containgl an
consistently combines a wide set of strategies for safe prani
ulation and human-friendly behavior [25], [17]. We desidne
an encapsulated low-level control framework, which pregid
a discrete atomic action interface, which smallest pririti
is defined asatomic action := (command, behavior).

planning and execution of motions in a dynamic and partiallgommandcan be e.gatomic-move2switch-behavioror a
unknown environment is fundamental for autonomous angmp|e stop This is a rather classical approach. However,
safe acting. If contact is desired or inevitable, also motioin contrast to other robots, thbehavioris in our case
planning should be able to robustly and safety handle i very complex data structure that defines the “overall”
see Fig. 4. However, typically this is only approached as @ontrol activation the robot occupies. It defines a minimal
pure control problem. Nonetheless, we believe this to be r@presentation of the activated interaction, motion, aruall

rather artificial separation that misses the chance of dagig

decision capabilities of the robot. This intuitive level of

more sophisticated responses to contact on trajectory levghstraction gives the task programmer or task planner a very
as well. Especially pHRI is a field in which such behaviopowerful interface to the robot. Furthermore, we distirsui
is certainly desired. As human and robot shall collaboratgetweenoperational behavioand reflex behaviar

very closely, the problem of generating “human-friendly”
motions is of large interest. We developed several methods
for dealing with obstacles and contact in real-time [15],
[16] on motion planning level. We could show for several
problems, which were typically a domain for global sampling
based planners that they can be solved in hard reaktime
with local methods only, see Fig. 5. This is due to the fact

30ur current implementation runs @00 Hz. Presumably, the high
parallelizability of our algorithm will enable us to furthepeed up the
scheme.

o Operational behaviors: a formal high-level
parametrization of the robot capabilities that defines
its particular motion, control, and safety properties.
This fully determines the nominal motion control
and disturbance response of a robot. The atomic
components of any general task automaton are
operational behaviors

« Reflex behaviors:a formal parameterization of a real-
time reflex behavior of a robot that is associated with
a real-time activation signal. This represents either the



indication of a certain stimulus or a fatiltReflexes
override the currently active operational behavior and

execute a low-level strategy. Complex reflex patternéG]

are directed reflex graphs, which represent a decisional

component in the inner most control loop.

-
Figure 6 depicts a simple example for illustrating the con-[ ]
cept. Generally, the described approach intends to tightl){s]

couple theblock world and control world, i.e. leaving the

[5] C. Ott, Cartesian Impedance Control of Redundant and FlexibletJoi

Robots Springer Publishing Company, Incorporated, 2008.

A. Stemmer, A. Albu-Schaffer, and G. Hirzinger, “An dyigcal
method for the planning of robust assembly tasks of compteypead
planar parts,” inint. Conf. on Robotics and Automation (ICRA2007),
Rome, Italy 2007, pp. 317 — 323.

S. Haddadin, A. Albu-Schéaffer, and G. Hirzinger, “Sgfevaluation of
physical human-robot interaction via crash-testirfiggbotics: Science
and Systems Conference (RSS2007), Atlanta, PgAR17-224, 2007.
——, “Dummy crash-tests for the evaluation of rigid hurraMbot
impacts,” in IARP International Workshop on Technical challenges

common separation based designs. The presented design is and for dependable robots in Human environments (IARP20Rdine,

from our point of view a missing link between control and

task planning for interactive robots.

IIl. POTENTIAL IMPACT

El

[10]

The potential impact of the presented work is manifold.
First, the understanding of human injury in robotics is a
novel research field that has created a worldwide communit%/
working on it. It forms an interdisciplinary complex in- [11]

volving robotics, biomechanics, and medicine. Furtheemor

our results contribute to a basis for new service robotids2]
standards that are currently being created for regulating
acting and manipulation in human environments. Togetheys)

with our work on physical Human-Robot Interaction in

design, control, real-time motion planning, and real-time
task planning, it seems that we are only a blink away
from having first complex manipulation and interaction real[14]
world scenarios. These would start from fundamentally new
manufacturing processes with moderate interaction in the
automobile sector to full scale pHRI tasks, incorporatingls]
dynamic interaction for complex processes. On this basis,
we can also lay the ground to pursue real-world domestic
applications that would heavily benefit from the experience
made in the industrial sectors. However, in both applicatiol16]
areas one of the main concerns with respect to robots coming
to everyday life is whether they could be able to harnfl7]
humans. This is a factor that can significantly hinder the
success of robotics in everyday life. In our research we take
this concern very serious and even make it our central task.
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