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Abstract— This work aims at the development of a ver- contact loss as well as being capable of generating the
satile control strategy for operating unknown mechanically  required forces to move the device. The focus here is on the
constralned_deylces such as drawers or doo_r_s. Few assumptions yavice manipulation and we neglect the reaching/grasping
on the device’'s shape as well as the utilized hardware are task. Th I feedback i ided by a f ®
required. Our approach is based on an on-line estimation of the ask. the only sgnsory .eg ack Is provided by a torce- r.q.u
constraint manifold which serves as a reference input for an S€nsor at the wrist and joint angle measurements for positio
admittance-type controller providing the compliance required.  control what is most common in robotics. The manipulator is
The direction estimation is obtained from the velocity signal in - mounted on an omnidirectional mobile base which supports
task space. An on-line adaptation of the admittance controller the execution of the manipulation task. Based on this we

according to the estimated moving direction reduces contact ina to sh . | f ti K
forces. The functionality of the control strategy is demonstragd are going 1o show a universal way ol operaling unknown

on a mobile manipulator in a kitchen environment. constrained mechanisms.

|I. INTRODUCTION A. Related Work

In recent years, robotics research spread out from theMost of the existing approaches focus only on a specific
specialized area of industrial plants into everyday humatask like opening a door and rely on several planning algo-
environments, which are designed for human abilities. Théthms, which involves at least a minimal model of the device
integration of robots into human environments is desirableing operated. Nagatani and Yuta introduce a strategy for
arranged seamlessly without major modifications to the e@pening doors that makes use of an analytical description
vironment itself. Many tasks in human environments requiref the door handle trajectory [8], [9]. Petersehal. use in
the manipulation of simple mechanisms such as doorgl2] a minimal analytical model of a door for which the
drawers or lockers. Robots must be able to operate thegparameters are estimated in combination with a predictive
in a general manner like any human can do. Actuating sug®ntroller. However, they only achieve a 90% success rate
mechanisms is not always affordable, and in fact, humam-likeven with known relative positions. Pujas al. [15] used a
abilities is one of the key aspects of humanoid robotics. hybrid position-force control to open a door. This kind of

A major problem arises from the wide range of the devicestrategies suffer in general from modelling and localati
described above, which make model-based approaches difrors, which are likely to occur. A behavior based approach
ficult to apply. There exists a large variety of opening arcds pursued in [19] and [5] with the focus on the entire task of
handles, and general techniques to operate such mechanis@mening and traversing a door. They either assume a known
Besides, the device to operate is not always unresisting- Madoor-frame [19] or do not make fixated contact with the door
nets, springs or tight gaskets keep drawers and respsctivgh] to simplify the subtask of opening. Probabilistic medlsp
doors closed and need a certain amount of force to appknown from autonomous mobile robotics, are introduced in
The only property all those devices have in common is the[d3] to solve manipulation tasks. Again, a model of the door
restriction of movement to one—DoF manifolds. A drawer cahased on laser data is presumed. Other works make use
only be pulled or pushed along one direction just as a do®f special hardware components to fulfill the manipulation
swings along a certain arc. A human does not need to knd@sk. Schmidet al. [17] introduced a spatial tactile sensor
the position of the hinge or the pushing/pulling directionmatrix obtained from a modified gripper in combination
Instead he just tries to push or pull and lets the structuiith a force-torque-sensor at the wrist. In [16], only thgti
guide the rest of the motion. Unlike human, very few robotideedback from a multi-fingered hand is used and in [6]
systems have taken advantage of this fact. new methods for obtaining the contact force dispensing

The philosophy behind our approach is to provide agompletely with the classical wrist sensor are proposee. Th
algorithm which is very general in its applicability, henceDLR lightweight robot possesses a sophisticated position,
makes as few assumptions as possible. A robotic arm whi¢arque and impedance control system that can be used to
has contact with the operated object is presumed to avoigen doors [1]. A force follow behavior is implemented for

their lightweight manipulator combined with a mobile base,
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end-effector and task frame. However, detailed infornmatioare used for vectors and matrices. Likewise an admittance
how this approach can applied to specific problems is nohaps an applied force to a position deviation by solving
given. The approach presented here is in parts inspired tye differential equation (1). The classical admittanceticd

the idea of choosing the path of least resistance [10]. Fadr thscheme for a robotic manipulator takes a desired trajectory
neither a an exact mechanism model nor absolute positidn;(t) given as positiorp,(t), velocity p,(t) or acceleration
information is required. In [10] direct force input is usedp,(t) commands and maps it according to (1) to a compliant
implying knowledge about the forces necessary to operatejectory ®.(t) with the compliant commands,(t), p..(t),

the mechanism. Furthermore, neither end-effector ofiiemta 7..(¢) where

nor mobile manipulation are addressed, which is included in Ap(t) = p.(t) — py(t). 2

our approach. . .
PP We propose a velocity—-based admittance controller as

B. General Idea there exists no a priori knowledge about the forthcoming

Our strategy for operating constrained mechanisms fgajectory. The desired velocity is determined by a desired
adopted from human behavior, for example when openingovement directiond; and a specified constant velocity
door in a dark room. Despite the hinge location is unknowf'agnitudesy by p; = vadq where|d,| = 1. The constrained
it is usually no problem for a human to find the direction™echanisms considered in this paper can be represented by
of movement by kinesthetic exploration of the mechanisn? 1-DoF manifold. Ideally, the desired direction of motion
One starts pulling or pushing in one direction and lets théa is in the tangent space of this manifold, i.e. is equal to
structure guide any further motions. This strategy perthigs the actual movement direction of the manipulator
operation of various devices with the only restriction that _ P
has only one degree of freedom. Bl

The significant _uncertainty which arises with such a 9eNp application noisy measurements pf however, prevent
eral approach brings along an urgent need for compliafe girect use ofl. Instead a filtered version will be used as
control of the manipulator to imitate the passive Compl‘ﬁncexplained in Section 1I-C. The compliant velocity command

of a human. Compliant motion control algorithms were, () is computed from (2) wheré\p(t) is computed by
addressed in several works, see e.g. [2], [3]. It has beps@lving ).

shown that thempedance controframework introduced by pring free space motion no external forces are present
Hogan [4] allows good performance, while preserving stabil _ 0, hence the admittance relation does not modify the
ity and robustness. It is also a convenient tool for hand”ngesired trajectoryb, = ®,.. When a contact occuts, can
. . . . . - c*
impact situations and to gope_wnh unknown environments. Be interpreted as aattractor point which penetra{es the
derivation f_rom the classical |mpedance_ control is prexdant constraint-surface causing contact forgeaccording to (1).
by the admittance contro[20] where the impedance 100p iS The end-effector behaves like a mass-spring-damper system
closed around a motion controller. with the parameterd,, D, and K
. . v v v

In the present work we will show how an admittance \ynen 4 traverses the constraint-surface the difference
control framework can be exploited to find the path ofqtveen desired and actual positida — p, — p can be
least resistance and reduce contact forces when OperatE@composed into a component paralil, dto the actual
unknown constrained mechanisms. The outcome is a Vefynsiraint-surface and a componeft; perpendicular to
general and unified approach, which is applicable t0 any caging the contact forcef, and f . Each component
robot which meets a minimum of hardware requirements. (,ether with its derivative and second derivative is used |

S T:‘_e rtlalma_illlwdgr of the paper ifst hstructgreld_ as folltovvlsE'm admittance relation like (1). If no friction is presenéth
ection Il will give an overview of the underlying control » _ _ _
0 Y £ =0= Ap =0=py =p,-

algorithm and explain in detail the proposed approach. In'tphe coniact forcef | results in a translational deviation

Section Il the practical implementation and experimentaj hich is Ap, = —A, and can be computed by solving (1).

evaluation will be presented. Thus the perpendicular component is completely suppressed
II. MANIPULATION CONTROL so that the effective translation is executed solely along
A . For smallA the end-effector follows the path of least

. } ) resistance for any trajectory without explicitly compugfin
In the following the applied admittance control scheme igy knowing it. This effect of the admittance control can

presented, first for the translational DoFs and later footfte  he exploited to operate constrained mechanisms in a very
entation. A translational mechanical impedance statespg mag,gqral way.

ping from the position deviatiodp = (Ap,, Ap,, Ap.)T to

the force f according to the second-order dynamics B. Control of the Attractor Point

(1) When choosing a constampi;, the operated mechanism
will surely move, assuming the correct hemisphere for the

where the3 x 3 matricesM ,,, D, and K, denote the virtual initial movement has been set. However, the contact forces

inertia, damping and stiffness matrix describing the debkir will potentially grow as the attractor point will penetrate

target impedance. Note that by convention bold charactefrther and further away from the constraint-surface. lenc

A. Admittance Control Scheme

f = MUAﬁ‘FDvAﬁ"'KUAp
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a continuous adaptation of the motion direction via the Pd Admittance P
commanded velocity should be made. Control . Position
The basic idea of the proposed algorithm is the following| | ¥ ———— qimverse 2 Sontrolled.
see also Fig. 1 for a visualization: m wq Manipulator
1) Induce an initial translational motion of the end- Force Follow q
effector v,do ht -
2) Determine continuously the resulting movement direct — - } P [ _ _
tion d Direction Estimation Forward Kinematics

3) Setp'd =vyd
. B - s Fig. 2. Admittance control scheme. The six dimensional wrench
The normalized vectod, = dq4(t = 0) denotes the initial (7, mT)T denotes the forces and moments measured at the end-

movement direction set by the user or some higher-leveltector.

algorithm. For determining the initial desired movement di

rection only knowledge of the approximate direction (hemi-

sphere) of opening or closing the mechanism is require@nd-effector torque.

The admittance controller will immediately force the end- As a result, the translational branch is controlled with
effector on the path of least resistance. The occurringlsma@ standard admittance relation (1) while a force-follow
deviations of®, from @, together with low stiffnessk, behaviour is implemented for the rotational part with (4).

result in only small contact forces. The resulting twist
Many devices in human environments need a certain B "
amount of force to move them or initialize the movement. Tq = [ w‘; ] = [ Das Dy Pzy Wa, Wy, W ]

This will cause the end-effector to remain in its initial
position before the force needed to operate the device i transformed to the corresponding desired joint velocity
applied along the trajectory space ®f. As a result the vector g, using instantaneous inverse kinematics. The de-
attractor point may depart from the constraint-surfacefgef sired joint anglegg is obtained through integration ¢f; and

the motion direction can be reliably estimated. In this caseerves as the input for the innerloop joint angle controller
even when the true direction of motion is obtained, an offset A PD joint-controller for each joint assures fast and stable
between the velocity—controlled attractor pojnt and the tracking of the desired joint angles

constraint trajectoryb. will remain resulting in persistent . .

contact forcesf | . In order to reduce the persistent contact 7=Dj(ds~4) + Pi(gq )

forces we propose to modify the admittance control laWyhere the diagonal matrice®; and P; contain the con-
using a projection approach. Specifically, the deviaidp  yo|ier gains for each individual joint, and denotes the

is projected onto the actual direction of motidraccording .o mmanded motor torques. The proposed overall control

© Ap = #dTApd (3) scheme is visualized in the block diagram in Fig. 2.
where Ap replacesAp in (1), completing the proposed C. Estimating the Path of Least Resistance
approach for the translational DoF. Typically, the velocity measurement takes place in joint

Note that the coupling between the translational and rot&pace via differentiation of the position signal from the
tional DoF prohibits to use the same approach for translaticencoders, i.e. it is prone to measurement and quantization
and orientation. Here we propose to adopt a force-followoise. The forward kinematics and the normalization step
scheme for the orientation with a zero-stiffness admigandurther increases the noise level. In order to reduce thgenoi
control ; level it is proposed to estimate the moving direction using a

m = Mo + Dyrotw ) simple moving averagéSMA) filter in the velocity domain.
wherew the angular velocityM ..o, and D, the 3 x 3  Here the SMA is applied to every component of the velocity
virtual inertia and damping matrices, amd the measured Mmeasuremenp,, of p separately resulting in the filtered

velocity signal

Pyt Pyt +e . 1 i .

_1_(_)_6_1_ —@- _i(_ - ,),, Prin (t) = Ti/ P (7) dT

//’ ” MA Jt—Tyra
dfh’/ :fl(t) :fL(t +e) whereT); 4 characterizes the time window over which the
p -7 | | o SMA is taken. The filtered signapg; is normalized to
—Q000-0-0 @ - acquire the estimation of the movement direction

P diiy = p?f"t ;
|Brit |

Fig. 1. lllustration of the proposed scheme without profattiAlthough . . .
the direction of motion is correctly estimated, an offset remsbetween Which effectively represents the estimate of the tangent

pgq and ®. generatingf | . vector of the constraint manifold and replacéén (3).



D. Control of Base Movement controller runs with 1kHz. Furthermore, the estimation al-
egorithm and the indicated platform control are implemented

A stationary manipulator has a highly limited workspac " . :
Even a common task, like opening a cupboard door can né§ an additional measure for noise reduction, a deadzone
’ [s implemented for the measuremeyits, resulting in well-

be accomplished for such a constricted robot. An extensid fined val p Iso f Il velociti
of the workspace can be achieved by mounting the manip €lined values otiy;, also for very small Velocities.
lator on a mobile platform. The manipulators workspace i€. Experiments and Results

basically limited by external obstacles, its maximum reach |, e following the general performance and effects of

joint limits and collision with itself or the mobile base. some of the parameters of our approach is examined. Exem-
Important for the success of the proposed manipulatigfyarily operated mechanisms are a cupboard door, a drawer
controller is that aII_ platform movements _do not affect thenq a microwave door providing linear (drawer) as well as
end-effector pose in the world frame, i.e. any platfiormyceq constraint manifolds with different hinge locations
movement must be cancelled out by an appropriate enge cyphoard door and the microwave door have in addition
effector movgment. Due to space limitations the coupling,q property that they need a certain amount of force (20N
control algorithm cannot be presented here. The platforgy,y 15N respectively) before they start moving without any
control itself is based on existing schemes for self cadlhsi noteworthy resistance. The robot is always placed roughly
and joint limit avoidance and are not discussed in detad, S§, front of the device. The initial movement direction is

[7] for details. set to dy = (0,sin (—2),sin (—%))” resulting in a large
initial error angle of approximately5°. The desired opening
speedy, is randomly varied betweef017T and0.05%, the

A. Hardware Setup moving average window for the SMA is chosen out of
the interval T, 4 € [0.3, 1.0]s. The admittance parameters

The proposed method is implemented on an ommd're‘f‘fave been chosen heuristically so that no contact indiabili

tlonlaldm7ob[|)IerIatform eqmplpsedfwng ttw_cl) |de;’]1_t|c;]al hun;‘fjm'occured; a systematic design procedure is subject to future
scaled /—DoF arms, see [ ] or detals which are ro.”(?vork. Under these conditions all of the performed tests
mounted in a mirrored configuration to provide a human-lik 20 for each device) have been successful, see Fig. 4 for

work space. Forces and torque_s are measured using a six- pshots, i.e. we observe a superior success rate of 100%.
JR3force-torque sensor. The joint angles are measured by

digital MR-encoders with a resolution of 4096 counts per

revolution. A two-finger gripper is mounted at each wrist |
with rubber glued to the inside of the fingers preventing§ 0 |
slippage of the grip and adding at least a minimum of [ |
mechanical compliance. The platform, see [11] for detdsls, 0 |
equipped with four conventional wheels. An omnidirectiona
design provides human-like maneuverability.

IIl. EXPERIMENTAL EVALUATION

Tyva=0.3s

1 1 1 1 1 J
2 4 6 8 10 12

converged to true movement direction
e

$ |
S -os5f

B. Control Implementation 0 2 4 6 8 10 12
The control modules of the arms are implemented with | I

Simulinkin combination with theReal-Time Workshopsing Q_o.sm

the Real-Time Application Interface for LinugRTAI). A : L

static kinematic model is computed at runtime using the t[s]
software tool Autolev and the velocity—based admittance
controller proposed in Section Il is implemented using éerc Taia = 1s
torque measurements of the JR3 sensor. The admittance '

"g—o.s-

Fig. 5. Effect of moving average windoW,, 4 during opening of cupboard
Fig. 3. Robotic manipulator with reference frame [18]. door: Improved noise reduction, but higher phase lag foréngh, 4.



Fig. 4. Mobile manipulator operating drawer, cupboard andromiave door using the propsed control strategy without ghasf parameters.

The influence of the SMA filtering can be observed in IV. CONCLUSION
Fig. 5 where estimation process over time for two different
time windows is shown for the opening of the cupboard door.
For the sake of clarity, the here presented measurements arén this paper, a novel manipulator control strategy for
collected without a moving base. Note that the estimatiopperating unknown constrained one—-DoF mechanisms such
converges quickly to the true direction motion. As expectechs doors or drawers is proposed. The approach is based on
a larger window leads to a smoother direction estimatiory modified admittance control scheme. The enabling innova-
However, we also observe a larger phase lag which potefion here is the estimation of the tangent along the comstrai
tially may result in increased contact forces especiallyigit  manifold and the according modification of the desired path
velocities and/or mechanisms with high curvature. for the admittance control scheme. As a result arbitrary

Finally, in order to validate the proposed projection apene—DoF mechanisms can be operated without requiring
proach (3) the opening of the drawer with the initial rea model and without changing the control parameters. In
sisting force is performed. The initial movement directioraddition to the high versatility of the proposed approach
dy is again set to(0,sin (—%),sin (—%))”. This results it poses also only moderate hardware requirements: any
in an increase off, = (0, f,,0) and f, = (0,0, f,) with  admittance controlled manipulator mounted on an omnieirec
approximately the same slope as can be observed from Fig.ti@nal mobile platform is suitable. Outstandingly, the toh
When the break-away force is reachgg vanishes quickly strategy is also suitable to operate mechanisms with arigldi
while f, still remains even though the direction estimatiorspring, there is no need to modify the operated mechanisms
has converged to the true movement direcdor\s a result, in any way (removing springs or other resisting devices).
the contact force applied ip-direction remains nearlg0ON.  The performed experiments demonstrate the superior robust
Applying the modification of the admittance relation (1)ness of the approach with respect to different constrained
according to (3), leads to disappearance of the persistanechanisms and initial conditions. Future work includes
contact force, as shown in Fig. 7 validating the proposethe improved estimation of the movement direction and the
approach. extension to chained mechanisms.



persistent contact force / R
wi/o projection approach

Fig. 6. Direction estimation and contact force for openingwr with
breakaway force and initialization error of appre® without projection
approach.

low persistent contact force
V\{ith projgction .approa‘ch

0 2 4 6 8 10 12 14 16 18

t[s]

Fig. 7. Contact force for opening drawer with breakaway déoend
initialization error of approx. 4% with projection approach.
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