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Abstract The paper gives an overview on the developments at the Gekeraispace
Center DLR towards anthropomorphic robots which not onjyttr approach the
force and velocity performance of humans, but also havdairsafety and robust-
ness features based on a compliant behaviour. We achievedtmipliance either by
joint torque sensing and impedance control, or, in our negyetems, by compliant
mechanisms (so called VIA - variable impedance actuatadspse intrinsic com-
pliance can be adjusted by an additional actuator. Botho@mbies required highly
integrated mechatronic design and advanced, nonlinearod@md planning strate-
gies, which are presented in this paper.

1 Introduction

Soft Robotics is an approach for designing and controllivigots which can in-
teract with unknown environments and cooperate in a safenaranith humans,
while approaching their performance in terms of weightcégrand velocity. These
robots are expected to push forward not only such new apigiicalds as medical
robotics, robotized outer space and planetary exploratiopersonal service and
companion robotics, but also to drastically move the harézof industrial automa-
tion. Today's industrial robots still operate in their hug@jority in blind, position
controlled mode, being dangerous to humans and thus havimgénclosed by pro-
tective fences. In contrast, this new generation of robattsshare the space and the
workload with the humans providing higher adaptability toguct diversity and
short production life cycles. However, it is clear that thémiman friendly robots
will look very different from today's industrial robots. & sensory information,
light-weight design and soft robotics features are reguiineorder to reach the ex-
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Fig. 1: Overview of the DLR Robots1 : The DLR-LWRIII equipped with the DLR-HandlI2 :
The DLR-KUKA-LWRIII which is based on the DLR-LWRIII.3 : The DLR Humanoid “Rollin'
Justin”. 4 : The DLR-HandlI-b, a redesign of the DLR-HandB.: The Schunk Hand, a commer-
cialized version of the DLR-Handlls : The DLR-Crawler, a walking robot based on the ngers
of the DLR-HandlIl.

pected performance and safety. In this paper we will addhestsvo approaches fol-
lowed at DLR for reaching the aforementioned new designggddde rst one is the
meanwhile mature technology of torque controlled lighighérobots (see Fig.1) .
Several products resulted from this research and are ¢lyrtesing commercialized
through cooperations with various industrial partners RBKUKA Light-Weight
Robot LWRIII, DLR-HIT-Schunk Hand, DLR-Brainlab-KUKA medal robot). The
second technology, currently a topic of very active redear¢he robotics commu-
nity, is variable compliance actuation. It aims at enhagtie soft robotics features
by a paradigm change from impedance controlled systemsriabl@a mechanical
stiffness and energy storage, in close interplay with iatige control strategies, as
suggested by the human motor system.

Regarding the actively compliant controlled systems, wk @gncentrate on the
newest developments in the design and control leading tdtimanoid system
Rollin' Justin as well as on the steps required to make thertelogy widely us-
able in industrial environments. We are considering thebets as a performance
reference, which we are currently trying to outperform wittw variable stiffness
actuators. We will present the main design ideas and someriexgntal examples
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providing rst validation of the performance and robustegsin of this design ap-
proach.

2 Light-weight, Modular, Torque Controlled Robots

For almost one decade we focused at DLR on the developmemntpfe controlled,
light-weight arms and hands. We re ned the technology ircessive steps in order
to obtain high power actuators, a light-weight though rolaesign, highly inte-
grated, reliable electronics, and torque sensors with lgsteesis, noise, and drift.
Moreover, we developed control algorithms which allow bbtgh performance
trajectory tracking and safe and ef cient compliant intetren with humans and un-
known environments. With the LWRIIl and the DLR-Hand Ilb atstaf maturity
and performance of the systems was nally reached, whiatwedtl the commer-
cialization of the two systems in cooperation with indwdtpartners. The arm is
manufactured and distributed by the industrial robot mactuirer KUKA Roboter
GmbH, while a simpli ed version of the hands, designed in pa@tion with the
Harbin Institute of Technology (China) is distributed by ttobot gripper manu-
facturer Schunk GmbH. Moreover, several spin-off compapimerged from these
projects, producing components such as torque sensorsgintbihgue motors.

In the last years we started additionally a wide new areasgfarch activities based
on this technology by taking advantage of the modular arebnated structure of
the components. A fully new line of medical robots was depeth based on both
the hand and arm components. The humanoid manipulatioarsykistin was build
up from these components as well, while the modularity ofttheds allowed the
design of a new crawler robot in only a few months.

In our previous work [1, 2, 3, 4], we presented in detail theigle and the control
concepts of the LWR-1Il arm and Handllb system. In this papefecus on the evo-
lution of the design and control approaches required fodthelopment of Justin,
as well as on the components required for a successful agiplicof the arms in a
production assisting environment.

2.1 Interaction Control of DLR Robotic Systems

The control of both the arms and hands makes extensive use dbtque sens-
ing available in each joints. The sensors are placed aftegéar-box and allow
therefore a very precise measurement of the real joint griqucontrast to simple
current based torque estimations. They are, in the giveuracg and sampling rate,
a unique feature of the DLR robots, nally turning into reglthe old dream of
the robotics control community of having robots with torgoterface [5, 6]. The
sensors are used to implement both active vibration danfpinigigh performance
motion control as well as soft robotics features such as dtapee control, collision
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and failure detection, potential eld based collision alence and posture control.
Due to the the relatively high intrinsic compliance of therhanic drive gears and
of the torque sensors, the classical rigid robot assumjigioot acceptable for the
DLR arms, if high control performance is sought for. Therefa major research
contribution was to extend many of the known approaches fiassical robot con-
trol to the exible joint case by taking advantage of the jdiorque measurement. In
the exible joint model, not only the motor positiag, but also the joint torque, as
well as their derivativeg andt are namely states of the system. The measurement
of the former and the numerical computation of the lattevjoles the state esti-
mation required for full state feedback. For the light-weigrm and hands, these
methods were presented, e.g., in[1, 2, 3, 4].

The control framework (for both position and impedance aahts constructed
from the perspective of passivity theory (Fig. 2) by givingieple and intuitive
physical interpretation in terms of energy shaping to thelack of the different
state vector components.

A physical interpretation of the joint torque feedback lé®pgiven as the shaping
of the motor inertieB.

The feedback of the motor position can be regarded as shapitg potential
energy.
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Fig. 2: Representation of passive control structures.
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The robustness and performance of the control methods eas éogended to
product maturity for the commercialization of the lightiglet arm in cooperation
with KUKA Roboter GmbH and of the Kinemedic/MIRO arms withdinLab AG.
Moreover, during performance tests at the industrial rabahufacturer it turned
out that despite of the light-weight, elastic structure, tbbot has competitive mo-
tion accuracy to an industrial robot of similar payload,@ding to 1SO9283-1998
standard measurements.
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2.1.1 Disturbance Observers

Since the control of the DLR robots is fundamentally relyimgy accurate mod-
els of the robot dynamics, friction torques in the gear-boa external interaction
torques (from humans or the environment) are a criticals®af errors which have
to be estimated correctly. Therefore, a new disturbancergbsconcept was devel-
oped [7, 8]. It allows the independent estimation of frintiand external collision

torques using the same observer structure by exploitingainé torques signals
t (see Fig. 3). The friction observer allows high performanagtion control as

mentioned in the previous section, while the external terghserver is used for
safe human-robot interaction, described in Section 2.5elMer, although it has an
active integrator action, the friction observer can be yaed within the passivity

framework, thus allowing convergence statements for thgeenonlinear system

9.
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Fig. 3: Disturbance observers for identi cation of the fraotiand external interaction torques
andt ext.t m andt are the motor and the measured torques, respectively.
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2.2 Design and Control of the Humanoid Manipulation System
Justin

Justin was designed as a versatile platform for research@manded manipulation
and service robotics in everyday human environments. Dilegtanodular design
of the LWRIII as well as of Hand-lIb, it was possible to quicldgt up both a left-
handed and right-handed con guration. The robots' commasebholds the arms
mounted 60 degrees from the vertical in a sideways direclitis allows the el-
bow to travel fore and aft below the shoulder and up to hoteaomeight without
passing through singularities. To extend the manipulatiorge, the robot base is
held by a four degrees of freedom (DOF) torso. A vertical aalk, followed by two
pitch joints and a third, passive pitch axis which keeps thelaase upright, allows
translations in a vertical plane which can rotate about socaraxis. Through this



6 A. Albu-Schaffer et. al.

con guration Justin is capable of lifting objects from theor, reaching over tables
and even reaching objects on a shelf of about two meters th@igh 4).

Fig. 4: Workspace design for the humanoid Justin.

To maintain the DLR robot concept, the torso joints condiii®same functional
components as the arm joints, allowing full torque contoolthe setup. In this way,
Justin can detect and react to contact forces applied amgvaneits structure.

2.2.1 Justin's Mobile Plattform

Justin's new mobile platform enables the system to intesdgttt humans in a larger
workspace and thus brings the development towards a ualveesvice robotics
platform [10]. The robot base requires a large supportinggmm in order to take
advantage of the large workspace, the high forces, and thandgs of the upper
body, while providing the stability of the overall systerm @e other hand, com-
pact dimensions are necessary for a reliable and easy tiavighrough doors or
narrow passages. To meet both requirements, our mobileoptahas four legs
which can be individually extended via parallelogram maisas (Fig. 5), even
during platform movement. Each leg carries a steerable Mibeemnidirectional
(but nonholonomic) movement. This novel kinematics neexg control and plan-
ning algorithms [11], since the wheel system has no longénstantaneous center
of rotation while extending or retracting the legs. Furthere, each leg incorporates
a lockable spring damper system. This enables the wholemytstdrive over small
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obstacles or to cope with the unevenness of the oor, as veeibaustain reaction
forces under heavy load. The mobile platform has a weighB6kg. Mounted on
the mobile platform, Rollin Justin has a shoulder heightpta1.6m. The whole
system is powered by a Lithium-Polymer battery pack and hasperating time
of about 3h. For enabling the implementation and evaluatifoadvanced control

Fig. 5: Variable footprint of Rollin Justins mobile base.

algorithms, the whole upper body is controlled in 1ms cywalbile the platform is
connected at rate of 16 ms.

2.2.2 Interaction Control of Justin

All the interaction control methods developed for the armd #the hands were ex-
tended and transferred to Justin in the last three years CHne=sian impedance
controller concept was extended [12, 13] to the upper bodliting hands, arms
and the torso (Fig. 6).

Since the mobile platform has only a velocity interface, toitorque interface,
a full body compliance control requires to follow an admitta control approach
for the base, as sketched in Fig. 7(Right). Therefore, titaaliwrench resulting on
base of the torso from the impedance controller of the uppdy lis transformed
using a virtual spring and damper into a velocity command.

In Fig. 7, left, an overview of the entire impedance basedrobsystem is shown.
A task and trajectory planning stage provides the desirgklgpace motion to the
Cartesian impedance controller and a desired posturedantltispace control. In or-
der to minimize the dynamic reaction forces on the mobilepaseaction nullspace
control approach is integrated into the system [14]. Foreaig safety for humans
in the workspace of the robot, the system contains two comgieary approaches.
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Fig. 6: Two-hand impedance behavior by combining object leapkedances of the hands and the
arms.
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Fig. 7: Left: Torque based Control Structure for Justin. Rigthte upper body is impedance con-
trolled in a 1ms cycle. The base is admittance controlled andeitgred velocity is related to the
virtual force produced by the controller in the base of thedday a virtual mass-damper dynamics.

Firstly, a potential function based collision avoidancesed [15]. Secondly, a dis-
turbance observer based collision detection routine alltmimplement different
collision reaction strategies (Sec. 2.5, [8]).

2.3 Technology transfer: Compliant Industrial Assistant

As a result of the technology transfer to KUKA Roboter Gmbite KUKA light-
weight robots are currently used in numerous academic ahbirial research labs.
The new automation concepts based on this robot allow highdility due to
fast work-cell setup and modi cation, intuitive hands-ormgramming, and shared
workspace for direct interaction and cooperation of huneamd robots. The rst
industrial application was realized by the Daimler factanfomation department in
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Impedence Based Assembly
With the Light-Weight Robot

Fig. 8: Left: Demonstration of bimanual exible object handjihy KUKA Roboter GmbH. Right:
Impedance based two arm assembly in Mercedes car manufacturimgegoDaimler AG.

Unteriirkheim. The system is now used for automatic gear-box asigemdaily
production (Fig.8).

In order to establish the new technology in industrial emwinents, two further key
aspects need to be addressed:

The programmer has to be supported with appropriate toeb@hich help to
use and parameterize the various control features of that,rebbich as compli-
ance, center of compliance, damping, assembly path, icollgetection and re-
action strategy, or controller switch for a given applioati

The safety of humans during the permanent interaction vghrobots always
has to be ensured. The new eld of robotic safety in humaretadbteraction
requires research in biomechanics for understandingyimechanisms as well
as methods for preventing or reducing them.

These two topics are addressed in the next sections.

2.4 Planning Toolbox for Impedance Based Automatic Assembly

Assembly is one of today's the most demanding tasks for imdlisobots. Parts
have to be brought into contact and aligned properly by thetrdespite inevitable
uncertainties due to part tolerances, imprecise part figeaind limited robot posi-
tioning accuracy. Lack of robustness, extensive setupsdosthigh-precision part
feeding, specialized grippers with so-callBémote Center Compliancand the
need for experienced robot programmers are the main reasbgisnost assembly
tasks are still carried out by humans.
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Fig. 9: Left: Experimental setup consisting of a DLR light-weigbbot with an industrial gripper,
an attached Firewire camera and the pieces and plate on tlee Right: A typical region of
attraction (ROA) for a sample part. The inserted corner will bielgd automatically to positioxy
if the alignment process starts anywhere within the ROA (eagnfx.1 or xi-2). If it starts outside
(e.g. fromx;.3), a successful alignment cannot be guaranteed.

In contrast to current industrial robots, the complianttoalfeatures of the DLR
light-weight robot allow exible and robust assembly withtadditional equipment.
The programmer can select high-performance position ebfur free motion and
compliant Cartesian impedance control for highly dynamicgeraction with the
environment. If desired, the switching between contrelten be triggered by con-
tact detection within 1ms.

Along with stable contact control, proper alignment of thetp despite inevitable
uncertainties, is the most challenging part of an asserabk: tJsually, this requires
tedious and expensive manual optimization of the trajeeddor every type of ob-
ject. In order to simplify this procedure, an algorithm haei developed, which
allows automatic planning of robust assembly applicatidhe algorithm takes the
part geometries and information about the expected uriotem as an input and
generates a parameterized robot program for the robusnbfsef the parts [16].

The main idea of the insertion planning is visualized in BigRight). Consider
the compliance controlled robot having inserted a cdro&the part into the hole
at the initial con gurationx;. The desired position of the controller is now sek§o
and the stiffness value #6. For a certain set of starting con gurations (called the
region of attraction- ROA), the inserted part will converge to the desired alignin
positionx,. In the given examplex;.1 andx;-» belong to the ROA;.3 does not. The
alignment can be seen as the settling of a nonlinear dynaysters with several
equilibria, whereof one is the desired con guration. It @spible to determine the
ROA for any desired equilibriumy and for any stiffness matrik. Its size can be

1 Corner in this context means the relevant part of the contdiiciwis involved in a one-point
contact.
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used as a direct measure for the robustness of the assemjbltdary. The optimal
robustness is achieved for those insertion parametersidndmize the ROA.

Obviously, the ROA depends heavily on the inserted corherselected desired
and initial positions andx;, the parameters of the impedance control (in particular
K), and the shape of the hole. Whereas the latter is given, thainéng parameters
can be freely selected and are used for of ine optimizati©ombined with a user
interface for providing the geometries from a CAD system ront sensor data,
this toolbox for industrial robot programmers generatdrisb assembly programs
automatically. The output of the toolbox, desired trajeetoand control parameters,
can then be used in the execution phase without any modellkdge of the parts.

The robustness and performance of the generated assenalidgts were evalu-
ated in extensive experiments with parts having a clearafless than 0.1mm [17].
The parts are freely placed on a table, located with appxtgpimage processing,
and approached via visual servoing. In order to assess tf@apance, a compari-
son with humans in terms of execution time was done. Altagrethl persons were
tested, whereof 35 were children of age 5—7 and the remainéng adults.

Bl Robot
[ Adults
35+ : : Hl Children

P P2 P3 fs Ps Ps P7 P8

Fig. 10: Average times needed for the different parts. Whetheaobot shows similar performance
for all the parts, humans have dif culties especially with thiéedentiation and insertion of the star

shapes as those are dif cult to distinguish for humgngsrepresents the star that is inserted rst
(can bep, or ps), Ps the other one.

Adults needed roughly 30% of the robot's total time for thgheigiven parts,
while children needed about 70%. The variation of the rolofggmance was low,
since the only nondeterministic part of the strategy waspibees searching (see
Fig. 10). Humans, instead, varied their strategy, tryingt to solve the problem
as fast as possible (accepting failure), and then re nedsttetegy in subsequent
attempts if necessary. Some children needed conside@iggf than the robot and
were able to ful | the task only with additional hints.

While free motion and part picking of the humans was conshlgriaster, in
average the robot performed better and more constant im#egtion phase. The
experiment shows that the combination of global vision amal force information
can be considered as a key to robust and exible industrisgmbly tasks.
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2.5 Safety in Human-Robot Interaction

An essential requirement for a robot designed for direaradtion with human
users, as e.g. for production assistants, is that it musbinase pose a threat to
the human. Until recently, quite few attempts were made ¥estigate real world
threats via collision tests and use the outcome for corslidgimproving safety
during physical human-robot interaction. In this sectiae, give a brief overview
of our systematic evaluation of safety in human-robot extdon with emphasis on
aspects related to the LWRIII.

2.5.1 Standardized Crash Tests Experiments for Blunt Impats

In [18, 19, 20, 21, 22] we analyzed and quanti ed impact cheastics of blunt
robot-human collisions and signi cantly augmented exigtknowledge in this eld.
The results were obtained and veri ed with standardizedmgant from automo-
bile crash testing, leading to an extensive crash-testrégaobots of different size
and weight. They range from the LWRIII to heavy duty industridoots [23, 24].
For the LWRIII all impact tests generated very low injury veduby means of stan-
dardized severity indices evaluated for the head, neckchadt. The Head Injury
Criterion? reached a maximum numerical value of 25 at 2 m/s, which isvatgrit
to 0% probability of injury by means of HIC. For both neck and sttemilar con-
clusions could be drawn, since all injury measures weredhvibany safety critical
value [18]. These results were con rmed by impact tests withuman [22]. Even
for the case of clamping close to a singularity, which turoetito be the worst-case
for the LWRIII, the robot was not able to produce large enoughds to break the
frontal bone or endanger the chest of a human, though pnegachigh quasi-static
force of 1:6 kN.

Apart from such worst-case analysis, we developed effeatiMlision detection
and reaction schemes for the LWRIII using the joint torqueseen[25, 26], (see
Sec. 2.1.1), which proved to be very effective to reduce i@y potential. Even
for the afore-mentioned dif cult casewe could experimentally verify a reduction
of the contact force down to 500 N for the almost outstretched case. This signi -
cantly relaxes the theoretical results of [22].

An important outcome of the extensive experimental campaidghat generally
blunt dynamic impacts in free space are, regardless the, masdangerous up to
an impact velocity of 2 m/s with respect to the investigateeksity indices. On the
other hand, impacts with (partial) clamping can be lethighiscantly depending
on the robot mass. This led us to recommendations for stdizéalr crash-testing
procedures in robotics, c.f. Fig. 11. The proposed impamtgntures can hopefully

2 The Head Injury Criterion (HIC) is the injury severity crilen best known in robotics. Intuitively
speaking, a value of 650 corresponds to a 5% probability of sfjagne day in hospital, while a
value of over 1000 can be lethal.

3 Due to the almost singular con guration, the joint torque senswesquite insensitive to the
clamping force.
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DLR “Crash-Test Report”

Fig. 11: From impact testing with standardized equipment anlliatian of biomechanical injury
criteria to a proposal of standardized impact testing in robotic

provide substantial contributions for future safety stnad in physical human-robot
interaction.

Apart from blunt impacts, it is of immanent importance taatrsoft-tissue injury
due to sharp contact.
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Fig. 12: The co-worker scenario is an example of a robot, whigiotentially equipped with dan-
gerous tools, interacting with humans (left). Testing setugtferpig experimental series (right).

2.5.2 Soft-tissue Injury Caused by Sharp Tools

A major potential injury source in pHRI are the various tamtebot can be equipped
with, see Fig. 12 (left). Their evaluation is still a eld vithumerous open issues
and de nitely worth and fruitful to work on. As a rst step, weere able to identify
the most important injuries and their causes, based ontige¢iens made in the
eld of forensic medicine and biomechanics. In [27] we pmsel various experi-
mental results with biological tissue, which validate timalgsis. Furthermore, an
evaluation of possible countermeasures by means of aolldtection and reaction
is carried out, c.f. Fig. 12 (right).

It was possible to detect and react to stabbing impacts6dt ®/s fast enough
to limit the penetration (e.g., of a knife) to subcriticallves of several mm's or
even prevent penetration entirely, depending on the tootake of cutting a full
prevention of penetration at a velocity of80Om/s was achieved. Furthermore, we
found empirically relevant safety limits for injury previon for the case of sharp
contact, as e.g. the skin deformation before penetration.

3 Increased Performance and Robustness trough Variable
Impedance Actuation

Based on the experience gained with the very successfubagiprof torque con-
trolled robots, we identi ed also its limitations and added new directions of re-
search for further increasing the robustness, performandesafety of robots. A
comparison between actual service robots and their hunchretgpe still shows
large discrepancy in several aspects. Firstly, relatigehall impacts can cause se-
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vere damages to a robot. The DLR arms and hands are closértgeghebox torque
limits when catching a ball of 80g having a speed of 28km/hlevfar instance a
handball goal keeper easily withstands a hit at 120km/h &5gsball. In the sec-
ond case, the impact energy is 100 times larger than in thecase. The "as stiff
as possible” mechanical design paradigm and the torqueataetch their limits
here, because the impact lasts typically only few millisetofor such a robot. This
is too short for the actuator to react and accelerate themaatbgear-box for reduc-
ing the impact. This shows that the robustness of robotsiagempacts can not be
addressed by further improvements of torque controlledtobut needs a change
of paradigm. The motor has to be partially decoupled fronlitheside and the in-
duced energy must be stored within the robot joint instedukofg dissipated. This
directly leads to the necessity of passive elastic elements

Another important observation is that the velocity and dyitaforce capabilities of
current robots are by far not good enough to perform dynaasks, such as throw-
ing and running, as good as human beings. This can also bewetpby the use of
mechanical energy storage within the system as exemplheSic. 3.3.

Since the speci cations for several tasks vary widely rd@ag position accuracy,
speed, and required stiffness, the joint stiffness neetie teariable. This requires
an additional motor per joint. To keep the drawbacks of hgqndrsecond actuator
at each joint as low as possible, the joint unit has to be apéithregarding its
energy ef ciency e.g. at high stiffness presets. The cohoépariable impedance
actuatior} (VIA) seems to be a promising solution in this context andlésign and
control was addressed in numerous publications [28, 288B®32].

Our goal is, based on our experience with torque controitgd-weight robots,
to built up a fully integrated VIA hand-arm system for closefe, high performance
interaction with humans while ful lling the above requiremis as close as possible
(Fig. 13).

3.1 Design of Variable Stiffness Systems

Currently, a hand-arm system with variable compliance sgieed at DLR incorpo-

rating in a rst, concept validation version, several vateacompliance joint designs
for ngers and arms, see Fig. 13. For the hand, an antagoragiproach is taken,
which allows to place the actuators and the variable ssmaechanics in the fore-
arm and to transmit the motion via tendons through the woighé ngers. The

ngers and the hand structure are designed to match as cégsessible the human
hand kinematics and functionality, while nding innovatitechnological solutions
for their implementation [33] (Fig. 13). The wrist is alsaw@ated antagonistically,
however in a supporting setup. In such a setup both motoraddtheir torques to
gain the maximum possible torque output or can co-conteachange stiffness for
medium load. For the elbow and the shoulder, the focus is emggref cient and

4 If the joint has only variable stiffness, but no variable dampthg term variable stifiness actua-
tion (VSA) is often used.
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Fig. 13: Current stage of the DLR VIA hand-arm system. Left: Eljomt. Right: Explosion
drawing of the hand-arm system.

weight minimizing design, such that the mass of the VIA jsidb not considerably
exceed the weight of an LBWRIII joint. The actuators of thesatg are based on

Harmonic Drive Gear

(]

:

Fig. 14: Actuator and compliance arrangement for the shouluetbow joints.

E\Variable Stiffness
5 Mechanism

an approach in which a small motor is primarily used to adaptstiffness of the
joint and a large motor is mainly used to position the linkg(E#). The currently
followed design is a combination of quasi-antagonistic #rel variable stiffness
joint designs (Fig.15) presented previously in [34, 13].

3.2 Control Challenges with VIA actuators

The classical control problem formulation for VSA robotdhiat of adjusting stiff-
ness and position of one actuator and of the entire robositery (arm, hand) in a
decoupled manner, by controlling the position or the torgtithe two motors of
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Fig. 15: Design versions of the shoulder and elbow joints. Ledtidble Stiffness Actuator. Right:
Quasi-Antagonistic Joint.

the actuator [31, 32, 29]. Moreover, in case of VSA strugwéh many DOF and
cable actuation, the decoupling tendon control is tree88d36].

In [37] we proposed a new solution for the design of impedasarol for cou-
pled tendon systems with exponential stiffness (Fig. 16 Broposed controller
provides statica decoupling of position and stiffness ab asethe exact desired
link side stiffness in combination with the intrinsic meal@al compliance, while
remaining within the passivity framework of the DLR robotssecond challenging

hq()

textl

Fig. 16: Example of a tendon network with two joints and fourdens connected by nonlinear
springs.h; andhg are the motor and link side tendon displacements, respectitglgnd f, are
the motor and link side tendon forces.

control task is related to the fact that almost all VIA joidissigned so far have very
low intrinsic damping. While this feature is very useful foowements involving
energy storage (e.g. for running or throwing), the dampihthe arm for fast, ne
positioning tasks has to be realized by control. This can 8¢ eult task, regard-
ing the strong variation of both inertia and stiffness. Goately, the passivity based
approaches developed for the torque controlled robots eaadbpted for the VIA
case. However, it soon became clear from the simulationhi®mthole arm that a
separate control of each joint, by just considering diajoamponents of stiffness
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and inertia matrices as inputs, is not feasible, due to vamydtiffness and strong
coupling between the compliant joints. New methods fortingethe joint coupling
were developed starting from [38, 1]. The basic idea for th&troller design is the
following:

Consider full coupled inertia and stiffness matrices fer thlevant joints.
Transform the system consisting of link inertia and stiém& modal coordinates
such that the two matrices become diagonal.

Use torque feedback in order to bring the motor inertia madtria structure in
correspondence to the double diagonalized matrices, akerit diagonal in the
same coordinates.

Design a decoupled controller in the modal coordinatespeddently for each
mode. Gains are calculated based on current modal parameter

With this methods, the control proved to work well, as exaraglin the plots from
Fig. 17, for one of the three joints. An experimental validatof the controller for
high an low stiffness preset on a 1 DOF testbed is shown inlf&ig.

positions
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Fig. 17: Motor and link position with state feedback contnolle

3.3 Validation of Performance and Robustness

Along with the activities regarding the control of the joinst analysis and experi-
ments for validating the increase in performance were done.
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Fig. 18: Motion on a trajectory with rectangular velocitype for small and maximal stiffness. A
critically damped velocity step response can be achieved imdieme from the stiffness and inertia
value (upper). The effect of vibration damping is clearly otsed in the torque signal (lower).

3.3.1 Throwing

The application of throwing a ball is a good example to shosvghrformance en-
hancement gained by the VS-Joint in terms of maximal vefoEir throwing a ball
as far as possible, it has to be accelerated to the maximurevablte velocity and
released at an angle of 45 he link velocity of a stiff link corresponds to the veloc-
ity of the driving motor. In a exible joint the potential ergy stored in the system
can be used to accelerate the link relatively to the drivirggan Additional energy
can be inserted by the stiffness adjuster of the varialffassis joint to gain an even
faster motion.

Fig. 19 shows simulation results and experimental valichategarding the velocity
gain between motor and link for the quasi-antagonistic. liftke motor trajectories
for optimal performance were generated by an optimal cbagproach [39]. The
link velocity is maximized under constraints on motor vép@and torque, elastic
joint de ection range, controller dynamics.

With the measured maximum link velocity of 578 1, the throwing distance
for the same experiment with the Variable Stiffness Joing agproximately 6n,
corresponding well to the calculated distance dfgam. The theoretical throwing
distance with an inelastic link of the same setup with theesamaximum motor
velocity of 216 s ! is 0:88m, also was con rmed experimentally. A speed gain of
265 % for the link velocity between rigid and compliant joimés achieved in the
test. Similar results in performance increase have beexirdat for kicking a soccer
ball, which additionally causes an external impact on th& Bide, as discussed
next.

3.3.2 Experimental Validation of Joint Overload Protectian at Impacts

In [40], two series of experiments were conducted to ingasti the bene ts of
passive variable stiffness during impacts. The testingpsédr both series was a
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Fig. 19: Left: blue - simulated gain in velocity between motod éink, depending on the maxi-
mal desired motor velocity and the stiffness preset. Red - expetatheralidated points. Right:
Desired motor velocity (grey) and reached link velocity foeaxperiment (red-simulated, blue-
measured)

single DOF joint (with link inertia  0:57 kgn?) being hit at a lever length of
0:76 m by a soccer ball (@5 kg).

In the rst series the unloaded joint is kept still and paesivhit by the ball
with different impact speeds. The joint torques were reedrtbr three different
setups. Two stiffness setups are realized via the passteshpliant VS-Joint. The
most compliant as well as the stiffest con guration weresdm In a third setup a
mechanical shortcut is inserted into the test-bed instétd/S-Joint mechanism,
such that a much stiffer joint in the range of the LWRIII elesti is obtained. Both,

Peak Joint Torque

150E] 0 me( =0) |..GerTorquelimit ... 1
_ mer (= max) *
é R (sti ) |
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#¥ [}
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Cartesian Velocity x [m/s]

Fig. 20: Peak joint torque during impacts with with a soccet. fdiree different stiffness setups
are examined: VS-Joint at low stiffness preset, VS-Joint at hiffnesis preset, and an extremely
stiff joint without deliberate elasticity (upper). Higher it velocities result in larger peak torque
and passive joint de ection.

increasing impact speed and increasing joint stiffnessltrés higher peak joint
torques as visualized in Fig. 20. The peak torque limit ofjthlt gear is almost
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reached with the stiff joint at an impact velocity of3:7 m/s, whereas the compliant
VS-Joint is still far in the safe torque region.

In the second test series the resting soccer ball was hitebjptht lever at maxi-
mum joint velocity. In case of the stiff joint the velocitylimited by the motor. With
the VS-Joint, the joint velocity was increased by the enstgyage in the joint with
a similar trajectory to the one used in Sec. 3.3.1. The regiden in Table 1 show
a signi cant increase in joint velocity and kicking rangetiwihe VS-Joint which
results in a faster impact on the ball. The tests show, hovévat the peak joint
torque is much smaller in the exible joint even though thepamt was faster. So
the passive exibility in the VS-Joint does not only help twrease the joint perfor-
mance, but also reduces the potentially harmful peak joimfutes during fast rigid
impacts.

Joint Type Joint Velocity Peak Joint Torque Kicking Range
Stiff Joint 229 deg/s 85 Nm 1.6m
VS-Joint 475 deg/s 10 Nm 4.05m

Table 1: Results for the different kicking impacts for the V$fand for the rigid joint.

4 Summary

This paper presented a bird's-eye-view of the paradigmusiasi from high per-
formance torque controlled robots to systems with intdnairiable stiffness. We
overviewed the major design and control principles of thegue controlled robot
systems developed at the German Aerospace Center (DLR)agetype. Torque
controlled robots currently represent a technology thahaure for the market.
They are used not only as a tools for academic research louirailsdustrial envi-
ronments, within new, more exible automation conceptsdabsn direct coopera-
tion of robots and humans. We believe, however, that impresesearch progress
can be expected in the area of VSA actuated robots within &xé secade. The
motivation for variable impedance devices, derived froffedent performance, ro-
bustness, and safety requirements, are highlighted. ite$srdware solutions are
described, which are currently investigated for a newlyettgyed hand-arm system
at DLR. Finally, rst experimental results validating treesoncepts were presented.

References

1. A. Albu-Sctéffer, Ch. Ott, and G. Hirzinger, “A uni ed passivity based cartframework
for position, torque and impedance control of exible jointais,” The Int. J. of Robotics
Researchvol. 26, no. 1, pp. 23-39, 2007.

2. Ch. Ott, A. Albu-Schffer, A. Kugi, and G. Hirzinger, “On the passivity based impesan
control of exible joint robots,” IEEE Transactions on Robotics and Automationl. 24,
no. 2, pp. 416 — 429, 2008.



22

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

A. Albu-Schaffer et. al.

A. Albu-Sctlaffer, S. Haddadin, Ch. Ott, A. Stemmer, T. Wiadlk, , and G. Hirzinger, “The
DLR lightweight robot - design and control concepts for rabist human environments,”
Industrial Robot: An International Journabol. 134, no. 5, 2007.

T. Wimbdck, Ch. Ott, and G. Hirzinger, “Passivity-based object-lévgledance control for a
multi ngered hand,” inNEEE/RSJ International Conference on Intelligent Robots &ystems
2006, pp. 4621-4627.

. L. E. Pfeffer, O. Khatib, and J. Hanke, “Joint-torque senseeglback in the control of a puma

manipulator,”IEEE Trans. Robot. Automatiorol. 5, pp. 418-425, 1989.

. O. Khatib, “A uni ed approach for motion and force contrdlrobot manipulators: The oper-

ational space formulationRA vol. RA-3, pp. 43-53, 1987.

. A. De Luca, A. Albu-Schffer, S. Haddadin, and G. Hirzinger, “Collision DetectiomdeSafe

Reaction with the DLR-III Lightweight Manipulator Arm/EEE/RSJ Int. Conf. on Intelligent
Robots and Systems (IROS2006), Beijing, Chppa 1623-1630, 2006.

. S. Haddadin, A. Albu-Sgffer, A. De Luca, and G. Hirzinger, “Collision detection &ation:

A contribution to safe physical human-robot interactidEEE/RSJ Int. Conf. on Intelligent
Robots and Systensp. 3356-3363, 2008.

. L. L. Tien, A. Albu-Schffer, A. D. Luca, , and G. HirzingéEriction observer and compensa-

tion for control of robots with joint torque measuremenEEE/RSJ Int. Conf. on Intelligent
Robots and Systensp. 3789-3795, 2008.

M. Fuchs, Ch. Borst, P. Robuffo-Giordano, A. Baumann, EeKrar, J. Langwald, R. Gruber,
N. Seitz, G. Plank, K. Kunze, R. Burger, F. Schmidt, T. Wimbakd &. Hirzinger, “Rollin
Justin - design considerations and realization of a mobile ptatfor a humanoid upper body,”
IEEE Int. Conf. on Robotics and Automatjaml. 22, pp. 4131-4137, 2009.

P. Robuffo-Giordano, A. Albu-Sélfffer, M. Fuchs, and G. Hirzinger, “On the kinematic mod-
eling and control of a mobile platform equipped with steerifgeels and movable legsEEE
Int. Conf. on Robotics and Automatia2009.

T. Wimbck, Ch. Ott, and G. Hirzinger, “Impedance behaviors for tvemded manipulation:
Design and experiments,” ilEEEE International Conference on Robotics and Automation
2007, pp. 4182-4189.

A. Albu-Sctaffer, O. Eiberger, M. Grebenstein, S. Haddadin, Ch. Ott,Gn. T. Wimbock,

S. Wolf, “Soft robotics: From torque feedback controllechiigeight robots to intrinsically
compliant systemsJEEE Robotics & Automation Magazingp. 20 — 30, 2008.

T. Wimkdck, D. Nenchev, A. Albu-Sdiffer, and G. Hirzinger, “Experimental study on dy-
namic reactionless motions with DLR's humanoid robot JustEEZE/RSJ Int. Conf. on Intel-
ligent Robots and Systen#009.

A. de Santis, A. Albu-Sdifer, C. Ott, B. Siciliano, and G. Hirzinger, “The skeletdgaithm

for self-collision avoidance of a humanoid manipulatdgEE/ASME International Confer-
ence on Advanced Intelligent Mechatroni2zf07.

A. Stemmer, A. Albu-Sdiffer, and G. Hirzinger, “An analytical method for the plamgiof
robust assembly tasks of complex shaped planar p&sg. 2007 IEEE Int. Conf. of Robotics
and Automationpp. 317-323, 2007.

P. Robuffo-Giordano, A. Stemmer, K. Arbter, and A. Albth&fer, “Robotic assembly of
complex planar parts: An experimental evaluatidROS pp. 3775 — 3782, 2008.

S. Haddadin, A. Albu-Séifer, and G. Hirzinger, “Safety Evaluation of Physical Human
Robot Interaction via Crash-Testindgiobotics: Science and Systems Conference (RSS2007),
Atlanta, USApp. 217-224, 2007.

——, “The Role of the Robot Mass and Velocity in Physical HurRatot Interaction - Part I:
Unconstrained Blunt Impacts,” iEEE International Conference on Robotics and Automation
(ICRA2008), Pasadena, US2008, pp. 1331-1338.

——, “The Role of the Robot Mass and Velocity in Physical HurRabot Interaction - Part
II: Constrained Blunt ImpactsJEEE Int. Conf. on Robotics and Automation (ICRA2008),
Pasadena, USAp. 13391345, 2008.

——, “Safe Physical Human-Robot Interaction: Measuremems)ysis & New Insights,”

in International Symposium on Robotics Research (ISRR200®sthima, Japan2007, pp.
439-450.



Anthropomorphic Soft Robotics 23

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

——, “Requirements for safe robots: Measurements, analysis, &mgghts,”accepted at:
International Journal of Robotics Reseay@909.

S. Haddadin, A. Albu-Sdifer, M. Frommberger, J. Rossmann, and G. Hirzinger, “The “DLR
Crash Report™: Towards a Standard Crash-Testing ProtocoldbofSafety - Part I: Results,”
in IEEE Int. Conf. on Robotics and Automation (ICRA2008), Kdapan 2009, pp. 272-279.
——, “The “DLR Crash Report” Towards a Standard Crash-Tfigs®rotocol for Robot
Safety - Part Il: DiscussionslEEE Int. Conf. on Robotics and Automation (ICRA2008), Kobe
Japan pp. 280-287, 2009.

A. De Luca, A. Albu-Schffer, S. Haddadin, and G. Hirzinger, “Collision Detectiords&5afe
Reaction with the DLR-III Lightweight Manipulator Arm,” itfEEE/RSJ Int. Conf. on Intelli-
gent Robots and Systems (IROS2006), Beijing, GI20@6, pp. 1623-1630.

S. Haddadin, A. Albu-Séfifer, A. D. Luca, and G. Hirzinger, “Collision detection &aetion:

A contribution to safe physical human-robot interaction J&EEE/RSJ Int. Conf. on Intelligent
Robots and Systems (IROS2008), Nice, Frap088, pp. 3356—3363.

S. Haddadin, A. Albu-Sdifer, A. De Luca, and G. Hirzinger, “Evaluation of Collision
Detection and Reaction for a Human-Friendly Robot on Biaagtissue,” inlARP Interna-
tional Workshop on Technical challenges and for dependalidetsin Human environments
(IARP2008), Pasadena, US2008. [Online]. Available: www.robotic.de/Sami.Haddadi

T. Morita, H. lwata, and S. Sugano, “Development of human syticlrobot: Wendy."IEEE
Int. Conf. of Robotics and Automatigop. 3183—-3188, 1999.

A. Bicchi and G. Tonietti, “Fast and Soft Arm Tactics: Deglwith the Safety-Performance
Trade-Off in Robot Arms Design and ControlEEE Robotics and Automation Magol. 11,
pp. 22-33, 2004.

S. A. Migliore, E. A. Brown, and S. P. DeWeerth, “Biologily Inspired Joint Stiffness Con-
trol,” in IEEE Int. Conf. on Robotics and Automation (ICRA2005), Bimsa, Spain2005.

G. Palli, C. Melchiorri, T. Wimboeck, M. Grebenstein, andH&zinger, “Feedback lineariza-
tion and simultaneous stiffness-position control of robots wittagonistic actuated joints,” in
IEEE Int. Conf. on Robotics and Automation (ICRA2007), Rdtaky, 2007, pp. 2928-2933.
B. Vanderborght, B. Verrelst, R. V. Ham, M. V. Damme, D. Lefeli& M. Y. Duran, and
P. Beyl, “Exploiting natural dynamics to reduce energy congiongy controlling the com-
pliance of soft actuatorsfht. J. Robotics Researgchol. 25, no. 4, pp. 343-358, 2006.

M. Grebenstein and P. v. d. Smagt, “Antagonism for a hightiirapomorphic handarm sys-
tem,” Advanced Roboti¢sol. 22, p. 3955, 2008.

S. Wolf and G. Hirzinger, “A new variable stiffness desigratbhing requirements of the next
robot generation,” ilEEE Int. Conf. on Robotics and AutomationPasadena, USA: IEEE,
2008, pp. 1741-1746.

H. Kobayashi and R. Ozawa, “Adaptive neural network edmif tendon-driven mechanisms
with elastic tendons Automaticavol. 39, pp. 1509-1519, 2003.

K. Tahara, Z.-W. Luo, R. Ozawa, J.-H. Bae, and S. Arimotag“fimetic study on pinching
motions of a dual- nger model with synergistic actuation of guaist muscles,” iInEEE
International Conference on Robotics and Automat@d06, pp. 994—999.

T. Wimkbck, Ch. Ott, A. Albu-Schffer, A. Kugi, and G. Hirzinger, “Impedance control for
variable stiffness mechanisms with nonlinear joint coupling/BEE Int. Conf. on Intelligent
Robotic System&008, pp. 3796—-3803.

L. L. Tien, A. Albu-Sclffer, and G. Hirzinger, “Mimo state feedback controller foezible
joint robot with strong joint coupling,int. Conf. on Robotics and Automation (ICR2D07.
M. Weis, “Optimalsteuerung eines Robotergelenks mit eibstelr passiver Stei gkeit, DLR
and TU Karlsruhe Master Thesi2009.

S. Haddadin, T. Laue, U. Frese, S. Wolf, A. Albu-&itér, and G. Hirzinger, “Kick it like
a safe robot: Requirements for 205&bbotics and Autonomous Systems: Special Issue on
Humanoid Soccer Robgtegol. 57, pp. 761-775, 2009.



