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Abstract

We present an approach for operating unknown one-degréeerfom (DoF) mechanisms, using a compliant robot. The
key aspect of our approach is that we make only little assiampiabout the operated mechanism in terms of imposed
kinematic constraints on the end-effector as well as dyogmdperties, which can not always be neglected.

The proposed system consists of: i) a constraint estimatioglend-effector velocity measurements to obtain the first
order constraint parameter; ii) a controller, using théneegtion to produce adequate set-points for the compliambt;o
and iii) a controller for a moving base to extend the workgpaicthe attached manipulator.

The proposed scheme was implemented on two conceptudhyetit robots which demonstrates the general applicabilit
on different hardware. The implementations were succlgsésted on various mechanisms in human environment, like
doors, drawers or cranks.

1 Introduction nor the required interaction forces. Especially the un-
known forces make it hard to apply force tracking schemes.
A new need for compliant robots is becoming apparentSo, instead of tracking desired forces directly, we explore
with robots leaving their predefined workplaces and enterthe manipulators workspace with its virtual configuration,
ing human environments. First and utmost reason beinghile continuously estimating the possible direction of
new safety concerns of these systems, as robots are exotion.
pected to physically interact with humans, as the environTo enable a large class of robots using only joint encoder
ment becomes more uncertain, programmers can no longgieasurements, we avoid additional sensors (e.g. tactile) o
rely on given models or maps without the risk of damagingspecialized end-effectors. The present work is focused on
the robot or its surroundings. Especially, when the robot i3he concrete implementation of our approach on two differ-
in contact with the environment even small errors in the poent systems and its practical applicability. The two system
sitioning can have devastating results. Even simple taskgye: 1) an admittance controlled mobile manipulator; and
like opening a cupboard, are not straight forward and re2) a stationary manipulator running joint-space impedance
quire a new robot design and control paradigm. control. For the mobile case, an approach to resolve base

With this work we present a general paradigm for operatingnovement is also presented in Section 2.3.
unknown constrained mechanisms, like doors and drawers

of dlffere_nt kinds. _ _ _ 11 Rdated Work

A compliant robot, where the compliance is realized in

terms of a physical relationship between forces and moPractical implementations for constrained manipulation
tions, what is for example realized in impedance controbften regard it as a planning problem, e.g. [10]. These
[5]. The interaction-force of the robot is controlled in- approaches require in general specific knowledge about
directly via the relationship between a virtual or desiredthe constraints and are prone to modelling errors and un-
set-point and the physical robot. For joint compliance thecertainties. A general framework for manipulation under
applied force vector is not necessarily aligned with the pophysical constraints is presented in [7], merging a Kalman-
sition displacement. This case is treated more closely ifrilter based constraint estimator and a force controller to
[8]. The application programmers challenge is to desigrulfil different positioning tasks. However, a purely ve-

a set-point-controller, which makes the robot interachwit locity and force controllable subspaces is assumed there,
its environment in a desired way. which cannot be guaranteed when operating in human en-
We are developing a set-point-controller which uses the&ironment, e.g. spring loaded doors. De Luca captures
helpful given fact, that most mechanisms in human envikinematic and dynamic constraints in his theoretical frame
ronment have only one DoF. Supposed sufficiently tightvork [2], however, it still lack a real-world implementa-
coupling between end-effector and operated mechanisnipn. Recent work of Jaiet al. address the particular task
the end-effector trajectory is determined by the mechanisrof pulling open doors and drawers with a prosthetic hook,
itself. This important property of such constrained mech-by setting an appropriate set-point for the impedance con-
anisms is exploited to estimate the direction of possibldrolled manipulator [6]. They referred to this approach as
movements by observing the current translational velocitequilibrium point control. In [11] an additionally learned
of the end-effector. kinematic model of the mechanism is used in conjunction
The main advantage of our approach is, that we do nawith the algorithm developed in [6] to improve its perfor-
assume detailed knowledge neither about the constraintsjance. Their focus was on robust task execution, so spe-
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cific assumptions regarding the type of the constraint andhe position deviation in impedance control is the dif-
required forces were made. ference between desired and actual position of the end-
In [9], we proposed a set-point controller for an effector,Ap = p, — p which is aligned with the static in-
admittance-controlled mobile manipulator combined withteraction force, assumel ,, has only equal diagonal en-

a constraint estimator based on filtering of the end-effectotries. Asg,; andg, are usually zero, (3) can be rewritten
velocity. In [8], we formulated a general paradigm and ex-as

tended the framework to robots with compliant joints. In f=-M,p—-D,p+ K,Ap,

the present work, we want to present a general velocite jmpedance control architecture can also be realized in
based implementation of the proposed method for Cart%int space, realizing

sian and joint-compliant robots.
T=-M,j— D,q+ K,Aq,

1.2 Manipulator Control with M ,, D, andK , being positive definite. x n mass,
damping and stiffness matrices in joint space.

This is, despite neglected dynamic forces, conceptually
The end-effector velocity, of a manipulator is related to Similar to a joint-space PD-controller with compensation

Manipulator Representation

the joint velocitiesg with of the gravitational torqueg(q):
P @) T=K,Aq—D,4+9(q)
v = = ) . . . . .
w V49 For all variants of indirect force control an interactiomde

) ) is indirectly introduced into the system via the desired
wherewv is composed of the translationabnd the angular - -artesian or joint-space set-point.
velocity w of the end-effector. In the following the depen- rhege schemes have proven excellent stability properties
dence ong will be omitted for the sake of brevity. The tacing unknown interaction forces [12, 5], hence making

_base Jac_oblaﬂ can b_e used to compute an instantaneougnem a popular scheme when operating in unknown envi-
inverse kinematics with ronments

g=J v, 1)
_ , A Manipulation Architecture for
assuming/J has full rank. In case of > 6, the inverse

J~! can be replaced by the generalized Moore-Penrose Constrained M echanisms
pseudoinverse ¥, resolving redundancy by minimizing _ o o

the norm|¢]|. For most practical cases it is sufficient to focus on trans-
Another useful property ofl, is that its transpose relates lational motions, assuming locally unconstrained orienta

the applied end-effector forcgsand momentsn to joint tion. This is due to the fact that a perfect power grasp is
torques hard to achieve in an unknown environment and little ro-

+—=J"h @ tations are basically always possible, due to slippage or

purposely relaxed task constraints, e.g. with caging grasp
where h is the end-effector wrench denoted as3].

h =1f, m]T'
2.1 Constraint Estimator

) ) _ . We are applying a filter to obtain an estimatedgf which
Indirect force control schemes establish a static relation;g the tangent of the one-dimensional constraint manifold
ship between the deviation of the manipulators actual corgy the first order constraint parameter. As proposed in [9]
figuration from the desired one and the applied force Ofye are filtering the translational Cartesian velocity signa
torques utilizing a virtual stiffness matrix. This relatio p. For this we are using a simple moving average filter,
ship can be either established at the end-effector or &tjoin\yich is the unweighted mean of the previcisneasure-

level, where joint-level compliance is in general easier tOynents. whereV is the window-width of the filter. For a
realize since it does not necessarily require force/torqugiscrete filter. one can write

Indirect Force Control

Sensors. N
Control interfaces of this type are for example (Cartesian) d - 1 ]
impedance control [5], regulating the physical behaviour P norm(ﬁ ;_Opi—’f)

of the end-effector to that of a desired target impedance
with virtual inertia M ,, dampingD, and stiffnessk’,, ~ Wherep,_, is the measured translational end-effector ve-
being all positive definitg x 3 matrices when regarding locity at time-step. The function norrfe) is a normaliza-

only translational motion. The interaction force is then ~ tion operator. As the normalization is applied after filter-
ing, faster velocities have a bigger impact on the outcome

f=M,Ap+ D,Ap + K ,Ap, (3) than slower ones.
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In addition, we apply dead-banding to exclude smallwherex, is a constant positive value equivalentutg in
hence noisy measurements from the estimation. If the ak{4), will build up a static force alondp. Note thatxy de-
solute value of the measurailis below the dead-band notes the rate of the force build-up.

threshold, it is dropped and some constant vector is asSomputing a correction term for this case requires the
signed top, e.g. some end-effector axis or the last validjoint-space equivalent ai,,, which can be obtained from
estimation.

This local estimator allows us to track different trajeater j o Uexp

. . . . q .
without previous knowledge or laborious learning. ([ expl

_ The joint position deviatiomAg can now also be orthogo-
2.2 Set-Point-Controller nally decomposed with respectdp, giving the orthogonal

. component
In contrast to usual force tracking, we have no knowledge

of the required interaction force. Therefore, we exploee th A T
workspace continuously with the virtual configuratigp d
respectively the virtual end-effector positipy for Carte-
sian compliance, in order to generate a force along the e
timated directiond,,*.

Our set-point-controller provides a velocity inpufor the U — — kA )
virtual manipulator, which has the general form o cor2 L

wherel,, denotes thes x n identity matrix.
]innally we can state the correction term in joint space

similar to (5), compensating for the erroneous component
U = Uexp + Ucor, AQJ_-

whereueyp is an exploration term and., is a correction,

adaptinggq to changing conditions, like changing manip- 2.3 | ncorporating a Moving Base
ulator configuration or new constraint estimations. _ _ _ o
A stationary manipulator has a highly limited workspace.

Even a common task, like opening a cupboard door can
be unaccomplishable for such a constricted robot. More

sired effect of building up a potential alomig,. Using (1) by mounting the manipulator on a mobile platform. For _
one obtains now, external obstacles are neglected and base motion is

implemented in terms of a master-slave relationship to the
manipulator, where the platform movemeantscis com-
with v, as desired end-effector translational velocity mag-pensated by the arm with the modified command

nitude, determining the desired exploration velocity. As

Cartesian Compliance

'u/exp - J# [Vdd\p, O]T (4)

the stiffness matrixk<, has usually the same entries for Uarm = Varm — Ubase ®)
every direction, it has no effect on the direction of the ap-
plied force and hence can be omitted. so that base movement does not affect the global end-

The correction term in this case has to maintaip || d,,, ~ effector position. Note thabam, varm and vpaseare ex-
keeping the position deviation, hence the static forcesPressed in the two dimensional frame, spanning a plane

aligned withd,,. To realize this, one can for example add Parallel to the floor. This base-control strategy comple-
a term like ments seamlessly the existing manipulator controller.

Uor = _kcorJ#[AﬁLo]T (5) A _&r_nple platform controller has two tasks with different
_ _ _ priorities. The first task assures that the arm does not col-
where Ap, is obtained from the orthogonal decomposi-lide with the platform. The second task considers an arbi-

tion of Ap with respect tad,, via trary quality function to avoid unwanted configurations of
. the arm, which are in general close to singularities or joint
Ap, = (Is—dyd,)Ap. limits.

I; denotes th@ x 3 identity matrix. Collision Avoidance
The collision avoidance problem is solved by defining arti-
ficial repelling potential or velocity fields between arm and
Considering (2), for joint level compliance an explorationbase. The goal is to prevent intrusion of the arm into a crit-
term like ical zone around the platform. The critical zone has to be
Uexp = Kq‘lJT [xddw o]” (6) defined in a way that all collision possibilities are covered

Joint Compliance

1A hat indicates estimated values or values which depend onaigins
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Keeping Manipulator inside Wor kspace 3 Case Studies

The mobile base has also to execute movements preverthe proposed general approach was implemented on two
ing the manipulator to reach the limits of its workspace,different robots: 1) the Accrea Manipulator mounted on
extending it to the complete plane parallel to the floor. Aan omnidirectional base [1]; and 2) a stationary KUKA
way to solve that problem is to first define a quality func-lightweight arm [4]. While the first was running an admit-
tion F'(q), which gives the distance to the manipulatorstance controller using a wrist-mounted 6-axis force-terqu
workspace. In terms of joint limits a function can be de-sensor, the second was using a joint-space impedance con-
fined as troller to achieve joint compliance. Both implementations
. were using the same constraint estimator from Section 2.1.
Flg)=—5- Y2 @ o
= M T dim 3.1 AccreaMobile Manipulator

wheren is the number of Jo|nt3h a particu|ar joint ang|e, The robot was Operating in a kitchen environment and was
gim the according lower joint limitg;,, the according up- able to open and close various mechanisms including cup-
per joint limit andg; = % In most practical cases Poard doors, drawers and a microwave. Control of the ori-
the joints where a Singu|arity can occur are known and Onéntation was resolved by Setting the rotational stiffness t
can avoid such configurations, by setting conservative limzero, hence realizing a damped force-follow behavior for
its to prevent singularities (e.g. elbow singularity). the rotation [9]. The interaction between mobile base and
With (8) the base is only able to affect the manipulators poManipulator was implemented according to Section 2.3.
sition in the floor-parallel plane, hence (9) should only beF19ur€ 2 shows the robot opening a cupboard door.
evaluated in this plane. Since this would require solving £\l méchanisms could be operated successfully in all test-
global inverse kinematics problem, only a local evaluatiorUnS Using the same program, without changing parame-
at F(q + 8q) of the quality function is possible, whedey ters or mcqrporatmg global_ knowledge about the type of
can be computed from a sufficently sméjh be means of the constraint (e.g. linear, circular).

instantaneous inverse kinematics (1), effectively giviisg
the gradient of” at q.

We can now apply standard numerical optimization algo-
rithms to find the optimal end-effector configuration with
respect to possible base translatiofRggure 1 shows the
contour-plot of F' for an exemplary configuration of the
Accrea manipulator [1].

0.8
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Figure2: Accrea manipulator on omnidirectional base op-
erating a cupboard door

3.2 KUKA LWR

Figure 1. Quality function depending on the end-effector To demonstrate the applicability of our approach on robots
position in the floor-parallel-plane with compliant joints, the manipulator was running a joint
space impedance controller. The test devices were a
Two kinds of behaviors can be realized: 1) the platformmicrowave-door and a drawer in horizontal and vertical
could either be commanded to stay always in a small aregonfiguration, imposing only kinematic constraints in the
around the optimal configuration of the end-effector; or 2)first case and due to the mass, additional dynamic con-
start to approach this optimal point when the joint limits straints in the second case. First the approach of following

are getting close. the constrained trajectory, similar to [6], was implemelnte
The entire velocity command is the superposition of colli-While the first test case showed a success-rate of 100%
sion avoidance and optimization term. with this controller and the LWR, it had serious problems
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when the misalignment of Cartesian position deviation and[2] A. De Luca and C. Manes. Modeling of robots in

applied force direction was large for the second test case,
leading often to failure of the task.

Hence a modified version, according to (6) and (7) was
implemented and showed the same good performance foni
both test-casegrigure 3 shows the LWR operating a mi- ]
crowave door.

[4]

(5]

Figure 3: KUKA LWR manipulating a microwave door

contact with a dynamic environmenRobotics and
Automation, IEEE Transactions pi0(4):542-548,
1994,

R. Diankov, S. Srinivasa, D. Ferguson, and J. Kuffner.
Manipulation planning with caging grasps. Hu-
manoid Robots, 2008. Humanoids 2008. 8th IEEE-
RAS International Conference opages 285-292.
IEEE, 2008.

G. Hirzinger, A. Albu-Schaffer, M. Hahnle, |. Schae-
fer, and N. Sporer. On a new generation of torque
controlled light-weight robots. ItEEE International
Conference on Robotics and Automation, 2001. Pro-
ceedings 2001 ICRAvolume 4, pages 3356—3363,
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N. Hogan. On the stability of manipulators perform-
ing contact taskslEEE Journal on Robotics and Au-
tomation 4(6):677—686, 1988.

[6] A. Jain and C. Kemp. Pulling open doors and draw-

4 Conclusion and Outlook

We presented a general paradigm for operating unknown
constrained mechanisms, based on estimation of the first-
order parameter of the constrained trajectory and explo-
ration of the kinematic constraint with the desired set- [7]
point. An exemplary velocity based implementation was
introduced both for Cartesian and joint-space compliant
robots and a method for incorporating a moving base into
the system without changing the manipulator controller
was suggested. The first working applications indicate thatl
we are on the right track.

Even though the local estimator showed its potential in var-
ious test-cases, a careful assessment on convergence and
limits of this approach has to be done in future work. For
theoretic completeness the stability of the controllertbas  [g)
be assured and a clean solution for resolving the constraint
and manipulator-null-space has to be derived.
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