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Abstract— The main contribution of this paper is the general
formulation of force and positioning tasks on joint and Carte-
sian level for indirect force controlled robots and combining
them in a strict hierarchical way.

As a secondary contribution, we provide a simple and intu-
itive programming paradigm, using the developed formulation.
By building on the well-established indirect force controller,
which often comes already with commercial robots, we provide
application programmers with a useful tool for specifying tasks,
which involve positioning and force components.

Different physical interaction tasks have been implemented
to show the potential of the proposed method and discuss the
general advantages and drawbacks.

I. MOTIVATION

Compliance is a compulsory requirement for robots in '®
unstructured environments. A standard approach to realiz&) table wiping (c) drawing
compliance are indirect force controller$FC), e.g. the ’
seminal impedance control framework [1]. What all IFC
schemes have in common, is the implementation of a virtua
mechanical relationship between the physical and a virtua
manipulator, resulting in indirect control of the interiact
forces, as the name implies, by specifying set points for the
virtual manipulator. The major drawback of poor accurasy, i
outplayed by the increased interaction safety and robsstne (@ cup holding (€) constrained manipulation
to environmental uncertainties and unexpected collisions ~ Fig- 1. Example tasks with mixed positioning and force compten

Traditional methods are often applied to generate set Our approach explicitly aims for tasks, where the demands
points for the IFC to regulate either a desired position oon accuracy are relaxed, which applies for a broad palette of
a desired force, what does not exploit the full potential ofasks in human environments. For example, it is not relevant
this scheme. In unstructured environments, like in servicé a table gets wiped with a contact force of 5 BN or
robotics, it is hard to clearly separate force and positigni if an object is placed accurate to a millimeter. An important
tasks. An example is opening a spring loaded door, wherebenefit of our approach is, that it builds on well-establishe
usually unknown interaction force has to be applied in orddow-level control methods, which are often already set up fo
to operate the mechanism, while simultaneously regulatingommercially available robots. Hence, it can be used direct
the pose of the end effector along an uncertain trajectorwithout having to override the robots built-in controllenca
The different subtasks are often contradicting and it nexgui implementing a whole new framework. Also the simplicity
usually some tuning from the application programmer tand low requirements on the hardware make the approach in
obtain satisfying results. general applicable on a broad class of robots.

In this work we present a generalized application pro- Our method combines ideas from different approaches
gramming layer for IFCs, regulating position and forcesn robot control. An underlying IFC scheme provides the
simultaneously, both on joint and Cartesian level. Task®equired robustness and stability, which is mandatory for
are formulated in terms of a linear mapping of the virtuallaguely defined interaction tasks. Breaking the task down
manipulator’s joint velocity. After that, standard nullsie to multiple subtasks with different priorities is a commpnl
projection methods are used to organize different subtasksused method in task level control for redundant robots, both
a strict hierarchical way. By defining subtasks in apprdpria for positioning and force tasks [2], [3]. The general idea of
subspaces, the available degrees of freedom for lowelitgrior separating subtasks by defining them in different subspaces
tasks are increased. is borrowed from hybrid position/force control [4].



The paper is structured in the following way. In section lljoints usually the joint angles. The Cartesian pose of tlte en
the related work is summarized, Section Il provides thedaseffector, but any other frame on the manipulator as well,
theoretical background. In section IV the general task ferm can be denoted with a vectar = [p o]’ with the three
lation is stated and section V shows how a task is composeénensional positiop = [z y z]T and a vectob, describing
of different prioritized subtasks. Section VI finally showsthe orientation of the frame. The dimension and unitoof
some basic properties of our approach and demonstraspend on the chosen orientation representation, e.gxéar fi
the potential on different exemplary tasks, implemented oangleso = [¢p 0 |7 where®, § and+ are the rotation
a manipulator running and impedance controller. A brieangles around the, y and z axis.
summary and outlook is provided in section VII. The base Jacobiah(q) relates the six-dimensional, gener-
alized end effector velocity, or twiat, to the joint velocities

Il RELATED WORK g in the instantaneous kinematics

Compliant control involving force and positioning tasks .
has been investigated elaborately in the last decades-Inte v — ( p ) = J(q)d 1)
sive surveys of the most popular schemes can be looked up in d

both i » d7 K H hi ransformations.
accuracy both in position and force tracking. However, this Another important property off is, that its transpose

drawback can be deliberately accepted for many tasks |l lates the end effector forcggsand momentsn, both three-
human environment. d ’

Treatment of multiple tasks can be basically approachedmensmnal’ o joint torques
in two ways. The first is by assigning different weights to the 7=Jh, 2)
usually concurring tasks. The second is strict separatfon o
tasks via nullspace mapping. We favor the second methodhereh = (f m)” is called the end effector wrench. The
since the weighting strategy requires additional tuning ofrench due to applied torques is computed vise versa, using
the weights and subtasks are not separated in a clean wie Moore-Penrose pseudoinverse of the transposed Jacobia
Combining multiple tasks in a hierarchical manner using R
nullspace mapping dates back to [2] and [3], where it has h=J""r ®)
bgen done on kinematic, respectively fqrce level and was béj Indirect Force Control
sically used as a tool to resolve the manipulator’s reduoglan
The basic concepts have been used and expanded since theRdirect force control is characterized by regulating the
in many publications e.g. [8], [9], [10], [11]. The focusdie configuration of a virtual manipulator, represented by its
mainly on redundancy resolution, without regarding lowegeneralized coordinateg, (see Fig. 2). The relation of this
dimensional subtasks. Most of the works also limit oneselirtual manipulator to the physical manipulatgris stated
to kinematic or force control only. To our best knowledge)/ia a virtual mechanical relationship, established either
a combination of force and position tasks within an |FcCartesian or joint-level. For our work, we consider IFCs
framework has never been treated this way. Basically due Y¥ich state a virtual stiffness relationship between ttietjo
the introduced inaccuracy related to IFC, mentioned beforgPace position differencey{ — q) and applied commanded

Considering task specification, the extensive research dol@int torque . via a stiffness matrixk’. The simplest IFC
by the group around De Schutter in the last years has to pariant is stiffness control, which basically correspoimis
mentioned [12], [13]. Their work is based on the concept dpD-controller with compensation of the gravitational fsc
the task-frame formalism [14] and states a unifying method .
to incorporate external sensing and potential estimatien e 7= K(gv —q) - Dg+g(a), “)
rors within the definition of a task, by choosing appropriatgyhere K and D are n x n diagonal matrices ang(q)
object and feature frames. Their framework builds on degre the torques for compensating gravitational effectss Th
tailed modeling of the task geometry and is dedicated fQiontroller is designed to achieve a desired static intemact
high precision control in more industrial like settings. hence by determining a set-poigt,, a static interaction

[1l. THEORETICAL BACKGROUND torque

A. Manipulator Representation Te=K(gw — q) (5)

The very basics of robotic manipulation are assumed tg indirectly commanded. For a smooth transition and avoid-
be known, hence only the relations directly in connectioing large jumps in¥., which are in general unfavorable,
to the present work are summarized. The configuration of@, can be regulated by its time derivatige. The general
manipulator withn, degrees of freedom (DoF) is defined bystability and robustness of IFC schemes was shown in
a set ofn generalized coordinateg which are for revolute multiple publications, e.g. [15], [16].



B. Joint Position / Cartesian Pose Regulation

Positioning controllers building on an IFC framework
usually provide trajectories fog,, without regarding the
actual motion ofg. How well g tracks g, depends on
the IFC implementation, especially on the stiffneks A
higher stiffness results in better positioning accuradyilev
a low stiffness is beneficial for contact stability. Alsostfa
trajectories are tracked worse in general, due to the faster
dynamics ofg,, in comparison tag. Such type of controller
is often used in applications, where the IFC is supposed to
compensate for unexpected collisions and where accuracy
Fig. 2. Motion and interaction forces of the physical marégpoit (black) plays a minor role. This applies basically for tasks in
are controlled indirectly by generating set points for tivwal manipulator — unstructured environments, where positioning accuracy is
(blue). deliberately traded for safer physical interaction.

On joint level, the trivial relationg, = I,,q, leads to the

simple controller
IV. GENERALIZED POSITION AND FORCEREGULATION P . -
IN IFC qv = Aqu' (12)
In th|s Section we will ShOW hOW manipulator Conﬁgu_ USing Standard instantaneous inVerse kinematic methOdS,

ration and static interaction torques, respectively Gaate & controller for the Cartesian posg of an arbitrary frame

poses and Interaction wrenches can be regulated in an 1©@ the manipulator can be derived. Using (1), the derivative
framework. of the task variablec,, is

A. General Task Formulation T, = Juq, (13)

We define a general task varialstec R™ and a task error with .J,, = J(q,) as the short notation for the Jacobian of
i the virtual configurationg,. Required coordinate transfor-
(t) = ou(t) = o t), ©6) mations, depenging on the us?ed orientation representation

with the desired task variable;, which can be formulated are assumed to be already incorporated/into simplify

in joint (m = n) or Cartesian spacer{ = 6). Dependencies notation. The Cartesian pose controller is hence

on the timet will be dropped from now on for the sake of ) L =

readability. Furthermore we postulate, that the time difie Gy = Ty Aay. (14)

of the task variable can be written in the form of Actually, the term controller is misleading when regulgtin

@) the virtual manipulator’s position, since there is no femzkb

of the physical entities andl, is set usually in an open loop
where A is am x n matrix andn is am-dimensional vector, way. However, complying with the general formulation (8)

6 =Aq, +n

combining the terms which do not depend én is helpful when combining different tasks as will be seen in
A task controller has the general form section V.
4,, = AT (AG —n) (8) C. Joint Torque / Wrench Regulation

whereg,,, is the desired velocity of the virtual manipulator AS mentioned before, we are only aiming for regulation of
and A is a positive definiten. x m gain matrix. Asq, is a the static force components and assuming the ideal relation
virtual quantity, Which_can be set at wilg,, = g, holds. =7, (15)
Hence, both values will be used interchangeably.

The stability of this controller can be easily proven, usingieglecting dynamic effects and imperfect IFC implementa-
the Lyapunov function tion. The time derivative of- is hence

V= %&T& 9) 7 =K(q, - q) (16)

with the derivative Complying with (8) the according interaction torque con-
troller has the form

v _=TA2 =T =T(ps
V=6'6=-6"97 6 (Aq,+mn) (10) 4, = K~Y(A7 + Kq) 17)

With the controller (8), (10) can be rewritten as Since K is a positive definite diagonal matrix, the Moore-

V=-6"(AAT(AG —n)+n) = —-6"Aé. (11) Penrose inverse can be replaced by the regular inverse here.

. . . L . For the static wrench controller, we use (3) to obtain the
Being a quadratic form) is negative if A is a positive relation

definite matrix, what is given by definition. Hence, with the . Sh §JTT _y
controller (8) the task error converges to zero. =%t ot | +J T (18)




Using (15), (16) and (5), (18) is stated as B. Enforcing a Task Hierarchy

5T+ Using the general task formalism from section 1V, we can

K(q,—q)+J""K(q4, — q) (19) now define an arbitrary large set of subtagks. .. o], with
ot k as the number of subtasks, sorted by descending priority

and rewritten to comply with (7) and optionally expressed in a certain subspace as described

STV in sgction VA Every s.ubtasb-i is assigned a matri¥;,
h=J"Kq, - J"TK§+ = (@, —q). (20) stating the linear mapping ‘

Ai = Aiq,, (24)

With A, = JT* K, the resulting controller is

il:

wherei is the subtask index. Equation (24) is a reformulation
G, = A (Aph + Ayg— Ay(q, — q)) (21) of (8) with A; = A,G; — n, for better readability.
A hierarchical controller can now be derived using
Note, that here the Jacobian of the actual configuragibas nullspace projection methods to enforce a strict task hier-
to be used. Table | summarizes the four basic task types archy. With kefX') denoting the orthonormal basis of the

. end effector pose kernel of some linear mapX, an orthogonal projection

o joint position Operator T
« end effector wrench N(X) = ker(X) " ker(X) (29)
« joint torques is defined, which projects a vector on the nullspaceXof
With this, thek subtasks can be combined recursively with
V. HIERARCHICAL TASK PROGRAMMING 0,, as then x n zero matrix:
A. Tasks in Subspaces 4o = 0
Optionally, every taskr can be defined only in a certain Ao = On
subspaceS, of R™. This subspace is characterized by an G, = N([Ao...Aii1]")AT (A — Aig,,_,) (26)
orthonormal matrixS, containing the basis vectors of the k
according subspacé&. has some similarity to the compliance q, = Z dyi-
selectivity matrix known from hybrid position/force coaltr i=1

While in hybrid position/force control an additional spec-Every subtask is projected in the nullspace of all the higher
ification of the task frame is required, this information ispriority tasks by applyingV(X) on the augmented matrix
already included in ou§. Also the subspaces of the different[A, ... A; ;]7, containing the linear maps of all the higher
subtasks do not have to be orthogonal but can be definedpgriority tasks. This way of task combination guarantees,
any way. In fact, the introduction o gives the application that the task hierarchy is not violated, what is elaborately
programmer more freedom in defining a task, as not relevadiscussed in [17]. The term;q,, , is the compensation
directions can be neglected and the additional degrees fof the effects of the higher priority tasks 0g.

freedom can be used to fulfill lower priority tasks. It has to be mentioned, that (26) will not produce the
A vectora € R™ can be projected t8, with optimal solution in terms of task execution, but the optimal
- solution in terms ofj,,;, since the projection (25) is orthogo-
a; =S a. (22)  nal in joint-space but not in the task space. The optimal task

space solution would be obtained b
The equations from section IV can be modified for subtasksp y

o, defined inS,. Basically only A has to be projected to Gy = (AiN([Ag... A 1]")T(Ai — Aidyiy),  (27)

S, with where the nullspace mapping is incorporated before the

A, =STA (23)  computation of the pseudoinverse. However, this method

) ) ) ) ) introduces additional possibilities for singularitiesanmely
From the mathematical point of view, this operation enlarges ¢ome A matrix drops rank, becoming square ande)

_the taSKS nullspace, what makes_ the proposed ”{‘etho‘?' a$nce returns a singular matrix. This can for example happen
interesting for nonredundant manipulators. Subscriplisb&i e handling joint limits as described later in section V-
dropped in future formulations. C. In fact, when applying the pseudoinverse, it is not the
singularity itself but the bad conditioning near the siragity
TABLE | which is problematic, as the inverse ends up with large
SPECIFICATIONS OF THE FOUR BASIC TASK TYPES entries. This adjacency to Singularities can be due to niegmer
noise or if the rank drop ofA is not instantaneous. To
e;yggse - Za; — fj S g 1;‘ avoid those problems for the present work, we settle for the
oint postion | o, = q.. A, =T, 0 A, | solution obtained with (26) and postpone proper treatmént o
eewrench | o, =h | A, =J TK | A,(q, —q)— Anq | A, | Singularities to future work, respectively refer to someeret
joint torque | or =7 Ar =K —Kq A- | publications on this, e.g. [18].




C. Incorporating Joint Limits K = 80I7Nm /rad K = 8017 Nm/rad

Referring to [10], we set the according row in all the = 12 ; 0.1 \—‘ﬂ\/
linear mapsA,...; to 0, if a joint hits its limit. This basically = S S go.og
removes the respective joint from the computations in (2€ 0 10 20 30 0 10 20 30
and treats the joint as a static connection. K 20010 3 K 20000 N
Such clamping of a joint leads to an instantaneous rar _ 4, B
drop of the Ay, matrices, what gets propagated to the i 5 z 0.1
controller and leads to discontinuous solutions &r. In = N VNSt Vi §0'08
general such discontinuities should be avoided. A detaile 0 10 20 30 0 10 20 30
discussion of proper treatment of such inequality constsai K — 30075 N rad K — 40075 N rad
would go beyond the scope of the present work. Some rece _ 19 _
works treat this problem closely [19], [20]. Z 5 £ 01
& O e e | ROOSE o
VI. EXPERIMENTAL RESULTS o0 10 20 30 0o 10 20 30
A. Implementation Details and Hardware K = 80017 Nom /rad K = 800I;Nm /rad
The experiments have been carried out on our KUK/ = 10 £ 01
LWR-IV lightweight arm. The manipulator was running a < SW 8005p oo
joint space impedance controller, which details can bedour 00 10 20 30 00 10 20 30
in [21]. The experimental setups are depicted in Fig. 1 t[s] t[s]

The rate of the discrete controller was= 500Hz and
the default stiffness wa& = 400I;Nm/rad. All the gains
where chosen heuristically.

Fig. 3. Force and positioning error for varying virtual jostiffness during
a surface tracking task.

B. Example Applications

The followina examples have been implemented to show The first trial was conducted on a curved surface with
9 P P nknown flexibility (see Fig. 1(a-1)). The impacts of execu-

how our approach can be used to program a variety of tas f3n speed and stiffnesk’ of the IFC are demonstrated with

by combining positioning and force type subtasks in join his example. The task errors for the force and positioning

and Cartesian space. We limit ourselves to the basic typgfibtasks are.plotted in Fig. 3 for alternating stiffness iand

of subtasks, whose linear maps are obtained from table I, la{ . " ; .

using the virtual and actual end effector Jacobians. A terta g. 4 for alternatmg ex.e-cut|on speeq. AS stateq n ;ecﬂon
: IV-B, the quality of position tracking increases with highe

subtask can now be defined by specifying the task type :
oroviding the desired task variabie, € S, with according values forK and decreases for faster execution speeds. The

: . . force tracking error mainly comes from the fact, that the
gain matrix A and an appropriate subspace mai$ix

The presented anproach was also verified in a sim I.f.egjssumed identity (15) does not take modeling errors into
pres pp was aiso veritied | Simpifi ccount, on which we have usually only little influence, gsin

simulation. However, we Ie_ave the results oqt i_n this PaPE[ huilt-in IFC scheme. With progressive execution speed
as theygofnot ?I_dd Eny m;.'ghtls an.d _?_Ee tg "m'teld spacle.one also observes the influence of dynamic effects, which
a) Surface Tracking ( '9. (a): IS 1S a classical 516 3150 not accounted for in (15). Incrementing the stiffne
contact task, where the manlpulgtor 1S ;upposed 10 exertgy Jeads to slightly worse force tracking, due to higher
cor_13tant force on a surface \.Nh"e moving along a _Certa'gensibility of the static interaction torques ¢g. These are
trajectory, here a circular trajectory, starting at;; with clear downsides when using an IFC scheme
radius R and frequencyf in the y-z-plane, while keeping . '
the constant initial orientationi,;. The task is summarized bl(;I:I‘(?nse;]oend;;nov:?secfnn;nl}lCLelgt(\;Y’lt?s:: :inknlcn(g?z)c;bs;?rzlee
in table 1l. As for the third subtask, one could either chOOSﬁ1e ad\?antag% of IEC showspup Due to itsg.capabilit.ies of
a positioni_ng task_, ke_eping the_jc_Jints away from their lnit handling such unexpected coIIisio.ns the manipulator nesna
or alternatively minimizing the joint torques. stable and gives, for example some high-level application
enough time to react on the event. Also, if the joint torque

TABLE I minimization subtask is set, the nullspace of the higher pri
SET OF SUBTASKS FOR SURFACE TRACKING ority subtasks is used to compensate for collisions oawgirri
: at the "elbow”-joint, what can be seen also in the video
prio | type o4 A S N )
T | ee wrench SN 25 | _[1o0oo0o00T | accompanying this paper.
o + Reos2fxt) — R A b) Table Wiping (Fig. 1(b)): This task is similar to the
2 | ee pose { Ziﬂ"*ﬁyﬁ‘ﬁ(?f”t) } 104 g (1) g 8 surface tracking and is an example of a real-world task,
init . . . .
ozinit 00 1 0 where neither very accurate position, nor force tracking is
R 5 oo+ required. The end effector is supposed to track a sinusoidal
joint torque 0 I 17 trajectory back and forth in thg-z-plane, determined by the




TABLE IV

[lv]| = 0.01212 [lv]| = 0.01212%
s s

10 _ SET OF SUBTASKS FOR CIRCLE DRAWING
3 Zo01
= 5 %00'5 prio | type o4 A S
= OW A =0 T | ee wrench 3N 25 1000007
0 50 100 0 50 100 [0 0 0 07
0 1 0 0 0
T init + R 2 - R 0O 1 0 0
[lv]] = 0.05 [lv]] = 0.05 2 2 | eepose s3 [ s ;;+Cfgz§n{;;7)rt) } WL |\ Tie | g 9 1 ¢
10 Oinit 00 0 0
5 T Lo 0o 0o 1]
S g = 01 3| joint position 0 0617 I.
- S BOO05) o
-0 -0
0 10 20 30 0 10 20 30
HvH:0,0Q% |\u\\:0.09% o
— 10 - I
E £ 01 =
W8 W ®0.05) M
~ 0 - 0 30
0 5 10 15 0 5 10 15
|\u\\=0,18% HvH:O,lS%
_ 10 _ Fig. 5. Norm of joint velocities for different task specifimms for circle
Z 5 £ 01 drawing. Blue: keeping constant orientation. Green: Rataaround end
W8 2 0.05 /\\_,; effectory-axis permitted.
-0 -0
0 5 10 0 5 10

tls tls
. . The positioning subtask was also specified with as in
Fig. 4. Force and positioning error for varying executioeeg during a  the table wiping task (Ill) and the trajectory is defined in a
surface tracking task. way, that joint limits are hit if the task is executed withghi
specification. In Fig. 5 one can see the resulting discoityinu
in ||g,]|- When relaxing the task constraints, the additional

radii I, and R, with according frequencieg, and f>. The  jeqree of freedom is used to avoid joint limits, resulting in

task description is summarized in table IlI. a smoother trajectory.

_ c) Circle Drawing (Fig. _l(c)): This is also a modifi- d) Cup Holding (Fig. 1(d)): Highest priority is given
cation of the surface tracking task and demonstrates hqy 5 controller holding some fixed orientation, lower prigpri
simple itis to incorporate hlgh—IeyeI knowledge.by SeUANy {55ks can now be defined in any way, e.g. to reach a
appropriate subspace mati With the pen being aligned ceriain point, react to external sensor information etthoit

with the end effector-axis ye., the positioning subtask is ¢onsidering orientation anymore. We chose for example
invariant to rotations around... Hence the task is defined minimization of joint torques as secondary task, making

equally to the surface tracking example, despite that the hosible to push the manipulator around manually (see
rotational part is described in terms of rotations arourel t ideo). See table V for task description.

ZTee and z.. end effector axes only. This relaxation of the €) Operating Unknown Constrained Mechanisms
task c_ons_traints, gives the _Iower priori'Fy tasks more foped Fig. 1(e)): By using a simple constrained estimator [22],
resu_ltl.ng in smoother mo_t|o_n..The third subtask is to kee hich gives us the three-dimensional direction vector of
the joints away from their limits. Table IV shows the taSkpossible translational motiorl, a simple controller for

parameters. WithR.. being the end effector orientation operating constrained mechanisms can be designed. A

matrix, constant force is assigned alomly while the end effector
Tp= { I; 0 } pose should remain unchanged as far as possible, allowing
0 R orientation around the end effectgraxis similar to the
circle drawing task. With this we take advantage of previous
knowledge on the gripper geometry, which allows rotation
cEalround Ye.e When grasping a handle. Remaining degrees
of freedom are used again to keep joints away from their

transforms the rotational part & in end effector coordi-
nates.

Here,o 4 is defined in the global frame and then projecte
to S, by premultiplication withS2, denoting the transposed

of the subspace matrix for the second subtask. limits.
TABLE V
TABLE Il SET OF SUBTASKS FOR CUP HOLDING
SET OF SUBTASKS FOR TABLE WIPING
T - x - prio | type o4 A S
1 | ee wrench 8N 25 | [100000]T 03
ynit + Ra cos(2f1mt) — R 1 ee pose Oini 101
2 ee pose mzinn +1R2 sin(12f27rt) ' 1015 { 0 OIOFO 0 ] p init 3 I3
Oinit ° P
3 | joint torque 0 I7 I7 2 JO|nt tquue 0 I7 I7




TABLE VI

3
SET OF SUBTASKS FOR CONSTRAINED MANIPULATION Bl
prio | type oyg A S [4]
1 | eewrench | 10Nd | 10Is éi
2 | jointtorque | ON 1 00000107 [5]
1 0 0 0 0]
0O 1 0 0 O 6]
00 1 0 0 6
3 ee pose STxine | 10I5 | Tip 00 0 1 0
0O 0 0 0 O
L0 0 0 0 1 ] [71
4 joint torque 0 I I
[8]

In addition, our method makes it easy to incorporate joint
specific actions at any layer, e.g. assuming we have a weak
joint (e.g. joint 6) and want to minimize the torques on this
joint as good as possible without affecting the primary task
we simply insert this as a secondary joint torque task.

VIl. CONCLUSION AND FUTURE WORK [10]

We presented a generalized hierarchical task specification
framework for indirect force controlled robots in uncentai [11]
environments. Only very vague knowledge on environment
geometry is enough to program interaction tasks invoIvingZ]
position and force type commands on joint and Cartesian
level in a simple and intuitive way. Enforcing a strict task
hierarchy reduces the need of tedious parameter tuning and
the reduction of subtasks to certain subspaces makes {hg
proposed method also applicable on nonredundant robots.
The usage of the well-established IFC scheme makes it
unnecessary to implement a new low level controller angy
integrate it into a running system. We showed the simple
usage of our framework by implementing various interacti0ﬁ5]
tasks on a 7 DoF manipulator. Even though the approach
is not suitable for high precision tasks like in industrial
applications, it provides a simple and intuitive interface
for mixed positioning and force tracking tasks, where high
accuracy is not that crucial. [17]

In future work, we plan to deal with some details of
the approach, in particular handling singularities proper [1g]
avoiding discontinuities in set point generation (e.g. tlue
joint limits), incorporating dynamic limits and investitgagy
dynamic selection of the subspace matfxto extend the
framework to unilateral constraints.

[19]
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