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Abstract. In the article the robotic system behavior is investigated for
the complex door opening task. The system consists of the 7-DOF KUKA
LWR4+ manipulator, which is controlled in an impedance way and the
BarrettHand gripper, which is controlled in a position way. The system
utilizes multi-sensory feedback. The visual feedback is used to roughly
localize door and to plan a door approach trajectory. The tactile feedback
detects the contact with the door, and handle and determines an exact
contact position with the handle. The system does not form a grip in
a door opening stage, but the contact between the robot and the door is
maintained by the gripper’s fingers (with intrinsic backlash), which are
pushing the handle from its one side. This concept allows to open the
door when there are obstacles in the neighborhood of the handle (e.g.
door jamb or frame), which make the grip impossible.

Keywords: service robot, impedance control, tactile sensing.

1 Introduction

Demographic and civilization changes are encouraging robotic community to
constantly research on service robots. A number of research works regarding
robotic door opening confirm, that this task will be vital for the future of service
robots, which will operate in the human oriented environment. To open a door
successfully, several stages have to be completed. At first, a door and its compo-
nents are localized on the base of information from visual subsystem [1] to plan
manipulator’s end—effector approach to reach the door handle and get in contact
with it [2]. When the end-effector is approaching stiff objects (e.g. door handle
or Rubik’s Cube [3,4]) the impact resistance is essential. This problem can be
partially solved in the systems with indirect force control by applying parallel
visual — force control [5]. In our article we investigate similar cooperation of
visual subsystem with robot controller.

The door opening itself can be realized in various ways. For stiff connection
of the manipulator’s end—effector and door, there is no need to estimate door
kinematics [6]. The most of the methods base on the door kinematic estimation,
because for common grippers and door handles the stiff junction can not be
guaranteed. The research was conducted on both cases: the velocity-controlled
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manipulator with force sensing capabilities at the end-effector [7] and impedance
controlled manipulator with torque controllers in its joints [8,9]. The method
of kinematic modeling of unknown 3D articulated objects was studied in the
interactive robotic system [10]. In the newest papers [11] the general approach
is proposed to two similar cases: a door opening and a drawer opening.

The robots, which are controlled to open a door, use the force or tactile feed-
back to detect and maintain contact, while the motion is in progress. In the
work [12] the robot is indirectly controlled using the readings of custom force
sensors located in the gripper phalanges, while typically similar systems ac-
quire general force readings from a six-axis sensor mounted in the manipulator’s
wrist [13]. The robot presented in [14] is controlled in a similar way, but the
force readings are aggregated from both tactile sensors in phalanges and force-
torque sensor mounted in the wrist. In general the algorithms are planning and
executing the motion, where the door knob or handle is grabbed from both sides
to maintain the grip, while the door is moving.

In our work we specify and build the system (sec. 2), where the 7-DOF KUKA
LWR4+ manipulator is controlled in impedance way (sec. 2.1) and the Barrett-
Hand gripper is controlled in position way with tactile feedback (sec. 2.2). The
simple visual subsystem (sec. 2.3) uses markers to roughly localize the door, then
the controller plans the end—effector approach trajectory and finally robot gets
in contact with door handle. As the contribution we investigate the initial ma-
nipulator approach (sec. 3.1) and subsequent door opening (sec. 3.2) with usage
of information from tactile sensors of the three finger gripper. The control algo-
rithm was especially developed to perform the task for the assumed concept of
contact. The point is that the system do not form the grip in door opening stage,
but the contact between the robot and the a door is maintained by the gripper
fingers (with intrinsic backlash), which are pushing the handle from its one side.
The fingers of typical grippers are quite thick, so this concept allows to open the
door when obstacles (e.g. door jamb or frame or other handles), which are close
to the handle, make the grip impossible. Several experiments (sec. 4) have been
performed to verify the solution. Finally, the conclusions (sec. 5) summarize our
work.

2 Control System

The general system structure is based on embodied agent approach to system de-
velopment [15] and is depicted in fig. 1. Control Subsystem ¢ with task specific
door approaching and opening algorithm (sec. 3) is implemented in ROS [16]
open-source, meta-operating system. The usage of ROS is adequate for fast pro-
totyping of control algorithms and further experimental results analysis of sys-
tems equipped with grippers [17]. The Control Subsystems communicates with
two Virtual Effectors e implemented in real time Orocos [18] robot programming
framework through communication buffers b. The Virtual Effector e,, aims to
control the Real Effector E,, of KUKA LWR4+ manipulator (sec. 2.1). The
role of the Virtual Effector e, is to control the Real Effector E, of namely the
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BarrettHand gripper (sec. 2.2). In general, Virtual Effectors were implemented
to constitute universal interface or Hardware Abstraction Layer (HAL) between
Control Subsystem and Real Effectors (Hardware). The aggregated data from
visual subsystem (sec. 2.3) is transmitted from the Virtual Receptor r, to the
Control Subsystem c¢. The images originate from camera device, labeled as Real
Effector R,.

Control Subsystem
(ROS) C c )
Communication Buffers “b | ©Cbm, U by Ch,,
Virtual Effectors and Receptors
(Orocos) C em ) ( e (™)
Communication Buffers E,Ebm Eﬁbm E,Ebg E@bg Rﬂ“bv
Real Effectors and Receptors
(Hardware) Ep, Eg R,

Fig. 1. General system structure

Five reference frames, which are used by the algorithm, are located in the
experimental setup depicted in fig. 2:

B — base frame of the robot,

— R — camera frame,

— W — frame of the last, seventh link of the manipulator (the wrist),
— E — gripper (end—effector) frame,

— F — finger’s distal link frame,

C — frame for contact point between handle and finger,

M — door marker frame.

2.1 Control of Manipulator

The Control Subsystem communicates with the Virtual Effector of the manipu-
lator using two communication buffers. The communication buffer ©°b,,, consists
of 6 x 6 diagonal Cartesian stiffness matrix K; specified by the 6 x 1 stiffness
vector k laying on the diagonal of this matrix, 6 x 1 normalized damping ratio
vector &, desired equilibrium point 7; (consisting of 3 x 1 position vector supple-
mented by a unit quaterion) and trajectory segment time ¢. The communication
buffer “°b,,, contains a vector g(7 x 1) of measured joint positions.

The manipulator is controlled using the Cartesian impedance [19]. The impe-
dance control law creates the virtual spatial spring displacement Ar [20] between
he pose of the wrist W measured in relation to the base B and represented
by 6 x 1 vector r,, (consisting of the position vector supplemented by a unit
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Fig. 2. The experimental setup (a) robot arm and head with frames B, R, W and E.
(b) manipulator’s end—effector approaching the door

quaternion) and the commanded equilibrium pose 74 represented in the same
way. To ensure a stability of the system a damper is also included. The 6 x 1
desired force F; at wrist frame is calculated (1) as a superposition of forces
originating from the damper and the virtual spring:

F;= K. Ar — Dc(qy‘ﬁ)'f“wa (1)
T=J"(q)F; . (2)

In general, the pose 7, in terms of q is computed using direct kinematics. Tra-
jectory generation provides target equilibrium points 74 for the impedance con-
troller by interpolating between the trajectory points r; (using linear interpo-
lation for position and spherical interpolation for rotation). The commanded
stiffness K. is interpolated in the analogous way basing on K;. The damping
term is composed of a configuration dependent 6 x 6 damping matrix D, and
the velocity of the wrist frame 7,,. The damping matrix is calculated at every
control cycle using the double-diagonalization [21] method and is parametrized
by the vector € representing normalised damping along the main directions of
the wrist frame.

Following this, the force vector is transformed from wrist frame into joint
torques by the 6 x 7 transposed Jacobian J” of the manipulator. The com-
manded 7 x 1 torque vector 7 is then transfered to Real Effector using “Fp
communication buffer. In reply Real Effector transfers measured position of
joints q using Eep, . communication buffer.
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2.2 Control of Gripper

Control Subsystem communicates with the Virtual Effector of gripper using
two communication buffers. The communication buffer ““b, consists of 4 x 1
desired joint position vector g4 and 4 x 1 maximum joint velocity vector w. The
communication buffer ““b, consists of 8 x 1 measured joint position vector g,
and 4 x 24 measured tactile force matrix f. The difference in dimension of g4 and
@, results from the BarrettHand gripper construction. It has 4 motors propelling
8 joints, which are coupled in pairs. The Virtual Effector communicates with Real
Effector with other two buffers. The communication buffer ¢ by consists of 4 x 1
desired joint position vector g, and 4 x 1 maximum joint velocity vector w’. The
communication buffer E’ebg consists of 8 x 1 measured joint position vector q.,,,
and 4 x 24 measured tactile pressure matrix .

The Virtual Effector has two major tasks. It initializes the Real Effector to
generate the trajectory in trapezoidal mode and converts the units as follows:

q; =144, (3)
W' = row, (4)
qm = TSq;na (5)

.f = T4¢ °p, (6)

where r1, 72, 3 and r4 are constant factors obtained from the BarrettHand
gripper documentation and p is a 4 x 24 matrix of tactile sensors’ areas. The o
operator is the Hadamard product: (A o B);; = A;;Bi;.

The Real Effector is responsible for closed loop position control (with trape-
zoidal velocity profile) using commanded joint position g, and maximum joint
velocity w’.

2.3 Image Recognition and Markers Localization

The system uses special markers attached to the door surface for rough door
localization. The Virtual Receptor informs the Control Subsystem about the
markers numbers and their poses in camera coordinate system R using the com-
munication buffer "°b,. The Virtual Receptor utilizes the ALVAR library to
detect and track artificial markers designed for this library. The Real Recep-
tor transmits images to the Virtual Receptor for further processing using the
communication buffer 7b,,.

3 Task Algorithm

The task algorithm, which is implemented in the Control Subsystem of embodied
agent, is subdivided into two parts: door localization and approaching is the first
and actual door opening is the second one. During both motion phases a pose
and a stiffness are controlled. Although the Virtual Effector e,, controls pose of
W, it is possible to control pose of E or C using transformations {/EVT or %;,T.
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Two configurations of gripper joints are employed. The first (ggoor) is used
for door approach and it is a hook with finger joint angles at 40°, so the distal
phalanges are hardly orthogonal to door surface and their artificial skin can
detect contact with the door. The second configuration (grandie) is proper for
the door handle approach and for the door opening and it is a hook with finger
joint angles at 75°.

The task algorithm uses the following functions:

— Trans(P), where P is a 3 x 1 vector, returns homogeneous transformation
matrix with no rotation for translation from point [0,0,0]” to P,

— RotZ(«a) returns homogeneous transformation matrix for rotation by angle
« in z axis,

— RotY (a) returns homogeneous transformation matrix for rotation by angle
« in y axis,

— wait(t) suspends the algorithm execution by time ¢,

— measureEndPosition() returns current (2T transformation using “°b,,|[q]
and direct kinematics,

— measureFinger Position() returns current 2T transformation using “°b, (g
and direct kinematics,

— AddToBuf fer(b, P) increments size of the buffer b and writes point P at
its end,

— atan2(y, x) calculates the four-quadrant inverse tangent of ¥,

— max(A) returns the maximum value in matrix A,

— min(v) returns the minimum value in vector v,

— maxIndex(A) returns index of the maximum element in matrix A,

— estimateCircle(b) returns estimated circle center and circle radius using
least squares algorithm and points from buffer b

3.1 Door Localization and Approaching

Door and handle approach algorithm uses the moveRelToMarker function de-
fined in alg. 1. The function controls the gripper frame F relative to marker’s
frame M. In the line 2 the marker frame is translated to the point P and rotated
so that the gripper’s orientation is set to door and handle approach as shown
in fig. 2(b). In the line 4 the desired transformation for wrist WET is calculated
on the basis of the following operands: marker’s pose relative to robot’s base
ng, the desired gripper’s pose relative to marker frame é\g T and the constant
wrist-gripper transformation V];J,ZT = V[]”;T.

The transformation from robot’s base to the camera is calculated using a vi-
sual marker on the wrist with the equation:

BT =wTw, T :T (7)

where {pT is calculated from direct kinematics of the manipulator, WVZT is
known as a constant transformation from robot’s wrist to the wrist marker and
W%T = WfT‘1 is wrist marker’s pose taken from the Virtual Receptor. The base
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Algorithm 1. Move relative to marker procedure

1: procedure MOVERELTOMARKER(P,t) > move the gripper to P in marker frame

2: EA;T < Trans(P)RotY (m)RotZ(—7) > get homogenous transformation
3: > matrix for translation
4: W’jT — BT E]gT V?,ZT > calculate desired wrist frame
5: Com[re,t] < [T, t] > send to Virtual Effector
6: end procedure

Algorithm 2. Door approach algorithm

1: BT < ™b,[T) > get the marker pose from Virtual Receptor
2 BT« BT kT > calculate marker’s pose in base frame
3: “°bglq] < Qaoor > set the gripper configuration for door approach
4: b K¢, t] < [Kdoor, 3] > change the stiffness
5: wait(3s)

6: moveRelToMarker(Ps,5s) > move the gripper to the starting pose
7: wait(5s)

8: ddoor 0

9: repeat > move the gripper towards door
10: moveRelToMarker(Ps + [0, 0, —ddcoT]T, 0.125s) > move the gripper
11: davor < ddoor + Adoor > decrement desired distance
12: wait(0.1s)
13: F=°g[f] > get tactile force
14: until maz(f) < fihreshotd > check if contact occured

- camera transformation gT is assumed constant during the algorithm execution
until door marker pose is acquired.

The initialization and the door approaching stage is shown in alg. 2. The
parameter Py is the starting point for the gripper relative to the marker pose
M. At this stage there are used following other parameters: kqo0r — 6 X 1 vector
of stiffness for the Virtual Effector e,, during the door and handle approach,
ddoor — @ small distance the gripper moves towards the door in every iteration,
Sfthreshotd — @ threshold value for tactile force to check if the contact occured.

Algorithm 3. Hand configuration change

1: ddoor < ddoor — 0.08m > increase the distance
2: moveRelToMarker(Ps + (0,0, —daoor] ", 4s) > move the gripper
3: wait(4s)
4: ©°bg(q] < Qhandie > set gripper configuration for handle approach
5: wait(2s)
6: ddoor < ddoor + 0.06m > decrease the distance
7: moveRelToMarker(Ps + (0,0, —daoor] ", 35) > move the gripper
8: wait(3s)
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After the first contact with door, the gripper’s configuration is changed (alg. 3).
At first, the gripper has to be pulled back to make the finger closing available.
The distances 0.08m and 0.06m (lines 1 and 6) are chosen with respect to direct
kinematics of the gripper.

Algorithm 4. Handle approach algorithm

1: dnandie < 0 > zero distance offset
2: repeat > move the gripper towards handle
3: moveRelToMarker(Ps + [—dhandie, 0, —ddoor}T, 0.125s) > move the gripper
4: dhandie — Qhandie + Ahandle > get closer
5: wait(0.1s)

6: F=°°g[f] > get tactile force
7: until max(f) < fihreshold > check if contact occured
8: by [Kt,t] < [Khandie, 35] > change the stiffness
9: wait(3s)
10: dhandie < dhandie + Ta > push the handle
11: moveRelToMarker(Ps + [—dhandie, 0, —ddcoT]T, 5s) > move the gripper
12: wait(5s)

After the gripper’s configuration is changed, the handle approach is performed
(alg.4). At this stage there are following new parameters: dpandgic — & small dis-
tance the gripper moves towards the handle in every iteration, kpgndgie — 6 X 1
stiffness vector for the Virtual Effector e, for pushing the handle. If the contact
with handle occurs, the system starts to push the handle, otherwise it finally
stops due to kinematics’s constraints of the manipulator.

Algorithm 5. Door opening algorithm internal procedures

1: procedure GETCONTACTPOINTFRAME > get contact point position in frame F
2 f— “Cby[f] > get tactile force
3 ET « Trans(smas Index(f)) > get contact point homogeneous transformation
4 return gT > return contact point relative to finger frame
5: end procedure

6: procedure GETTRANSFORMATIONS > get actual transformations
7 BT < measureEndPosition() > get wrist pose from direct kinematics
8: BT measureFingerPosition() > get finger pose from direct kinematics
9: Py getContact Point F'rame() > get contact point pose
10: return [JT, T, ET] > return actual transformations
11: end procedure

3.2 Door Opening

Door opening algorithm uses the getContactPointFrame and GetTransforma-
tions functions defined in alg. 5. The first one returns the homogeneous trans-
formation matrix gT from the contact point frame C to the finger frame F'.
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The orientation of both frames is assumed to be identical. The 24 x 3 matrix s
is tactile geometry and every i — th element s; is a center point of the i — th
tactile sensor relative to the F' frame. The GetTransformations function returns
the current transformations [J T, T and ET.

Algorithm 6. Door opening algorithm initial motion

1: BT, ET, ET] « GetTransformations() > get current transformations
2: E]:‘;T — Trans(0,7q, —dinit) > determine gripper’s destination pose change
3: 8T + wT 5T 2T f;jT ng > calculate contact point’s destination pose
4: P BTimt0,0,0,1])7 > save contact point’s destination position
5 8T « BTrWrETET > calculate contact point’s current pose
6: Peontact < 2T7[0,0,0,1]7 > calculate current contact point
7: AddToBuf fer(b, Peontact) > add the current contact point to buffer
8 wiT < wT 5T 5. T VI{J,ST > calculate desired wrist frame
9: ©Cb[ry, t] [WiT, 3s] > send pose and motion time to the Virtual Effector

The initial motion for the door opening is shown in alg. 6. The motion starts
from the closed door and ends with the door handle shifted by r, — value added
to the estimated circle radius to push the handle outwards. At this stage the
other parameters are: d;,;; — distance of the initial motion in the direction per-
pendicular to the door’s surface. In the line 2, the initial motion’s destination
pose is calculated. It is the homogeneous transformation matrix EZ T between
the current gripper’s pose and the desired gripper’s pose. In the line 3 the de-
sired contact point frame is calculated and the destination for the contact point
is calculated in line 4. Transformations ]IE,ZT and gj T are constant and and re-

spectively equal to II?T and gT‘ The actual contact point is calculated in lines 5
and 6 and it is saved to the empty buffer b in line 7. The desired wrist pose is
calculated in line 8.

Algorithm 7. Door opening algorithm - the first kinematic estimation

1: while not timeFElapsed(3s) do > repeat this loop for 3 seconds
2 WT, BT, ET] « GetTransformations() > get actual position
3 5T « ErWrTETET > calculate contact point frame relative to B
4 P.ontact < gT[O, 0,0, I]T > calculate current contact point
5: AddToBuf fer(b, Peontact) > add the current contact point to buffer
6: wait(0.1s)
7: end while

8: [Pe,r] + estimateCircle(b) > estimate circle using least squares algorithm
9: Qinit < atcm2(bfirst[y] — Pc[y], bfirst[x] — Pc[x]) > calculate door initial angle
0: Qdest ¢ Qinit + Qopen > calculate door destination angle
1 a+ atanQ(Pj@if - Py, ijt - P,,) > calculate current angle
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Acquired contact points are stored in buffer b (alg. 7). After 3s the initial
motion ends and the points in buffer b are used to estimate a circle, which
center P, corresponds to the door axis and its radius r corresponds to the door
handle — axis distance. The first element in the buffer b is by and the last
one is bygst. The apip is the angle between the door surface and xz plane of base
frame B before the initial motion. Analogically, the ages; angle and the o angle
relate the vectors affixed to destination and current contact points to xz plane
of base frame B.

The next door opening stage (alg. 8) begins with the stiffness change (line 1).
In each iteration the current door angle based on the current contact point
position is calculated (line 5). The desired gripper rotation S around z axis
relative to the initial rotation is increased by d. (line 7) and limited to actual
relative door angle agoor — it (line 8). The desired contact point position
P, (line 9) is calculated from actual estimated circle (line 18) and destination
contact point angle o which is increased in every iteration by ¢ (line 6), where
0 < dc. The desired contact point pose CiT is calculated from the contact point
desired frame for the initial motion ngnit translated to the new desired contact
point P; and rotated by the desired gripper rotation § (line 10). The actual
contact point P.onieer is calculated and added to buffer in lines 13, 14 and 15.
The wrist destination pose is calculated in line 16, where the transformations
%T and MI;ZT are constant and equal to $T" and L T.

Algorithm 8. Door opening algorithm - door opening

1: ©bm [ K, t] < [Kopen, 39] > change the stiffness
2: wait(3s)
3: 8«0
4: repeat > open the door
5: Qdoor < atan2(biasiy] — Pely), biast[z] — Peje)) > calculate current door angle
6: a+—a+d > increase destination angle
7 B+ B+ de > increase destination hand rotation angle
8: B+ min([B, Qdoor — Qinit]) > limit value to (Qdoor — Qinit)
9: Py« P. + (r+ 74)[cosa, sina, 0]7 > calculate destination contact point
10: AT + Trans(Py — Pi™™) 8T Rot Z(—p) > calculate destination
11: > contact frame
12: WT, 2T, ET] + GetTransformations() > get actual position
13: BT « BT ETET > calculate current contact frame
14: Peontact < 2T10,0,0,1]7) > calculate current contact point
15: AddToBuf fer(b, Peontact) > add the current contact point to buffer
16: WT+« 4T %T Wi T > calculate desired wrist frame
17: [, t] [W]?zT’ 1.0s] > send pose to the Virtual Effector
18: [P.,r] « estimateCircle(b) > estimate circle using least squares algorithm

19: wait(0.1)
20: until o < agest > repeat until the door is open
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4 Experiments

Experiments were performed with the presented system and a cabinet shown
in fig. 2(b). The real receptor R, was RGB camera mounted on robot’s active
head [22]. The experiments were performed for two different distances between
door handle and hinges: 0.24m and 0.135m. In the following sections the ex-
perimental results are presented for parameters, which led to the successful and
robust task execution:

P, =[0,-0.1m,0.3m]T, r, = 0.25m, d;ni = 0.1m,

Qopen, = 110°, § = 0.0057ad, 6. = 0.04rad,

Kdoor = [600,10002,1000, 300 ™ 300 ™ 300 Nm )T

m’ rad’ rad’ rad

Khanaie = [5002 .35 1000V, 300%™ 300 300 V™ T
Kopen = [150 35N 11000, 300 N 300 V™ 300 N7,

—0.35[ f2
—0.40

E 0% /\ ] E
> —0.50f 553 : 1 >
—0.55/
_ = C.
-0.4 -0.3 -0.2 -0.1 0.0 -0.7 -0.6 -0.5-0.4 -0.3 -0.2 -0.1 0.0
x [m] x [m]
(a) (b)

Fig. 3. Trajectories registered during the experiment: (a) for the door handle approach,
(b) for the door opening, where s is the starting point and e is the end point of
a trajectory. Trajectories are labeled as follows: commanded trajectory of the gripper
(1), measured trajectory of the gripper (2), measured trajectory of the finger tip (3),
trajectory of estimated circle center (4), commanded trajectory of contact point of
the finger and the door handle (5). Point m is marker position and the straight line
passing point m is a door surface. The line starting from point m is the trajectory of
door marker acquired from the Virtual Receptor r,. Point ¢ is the first contact point
of finger and door handle, and the line starting from that point is the trajectory of
contact point during door opening.

4.1 Door and Handle Approach

Fig. 3(a) shows trajectories of the gripper and finger tip during door and handle
approach. The force measured by tactile sensors during this stage is shown in
fig. 4(a) for time ¢ € (0,15). The point a is a contact between door surface and
finger tip. The gripper is pulled back and the measured force falls. After that,
the contact between finger and door handle is measured in point b. The force
rises after point b because the gripper trajectory is not canceled immediately.
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4.2 Opening the Door

Fig. 3(b) shows trajectories of the gripper and finger tip during door opening.
The force measured by tactile sensors during this stage is shown in fig. 4(a) for
time ¢ € (15,55). Between points ¢ and d the stiffness changes from kgoor to
Kkhandle and the measured force of contact falls down. Between points d and e
the gripper is pushed harder towards the handle and the force rises again. After
that, between points f and g, the initial door opening motion is performed.
Between points h and i the stiffness changes from kpandie to kopen. From point ¢
the door opening motion using circle estimation is performed. Fig. 4(b) shows
estimated circle radius during door opening. The fluctuations in estimation are
small enough to maintain stable motion.

] —0.24

£ %° E

> | o

g 2.0 20.23

L 8

£l | 3
80.22

g |

£ 10 g

g =

Eos 1 3 0.21

o
(=]
OF

10 20 30 40 50 30 35 40 25 50
time [s] time [s]

(a) (b)

Fig. 4. The experiments: (a) maximum measured finger tip force, (b) estimated circle
radius

5 Conclusions

The door approaching and opening algorithm, which has been proposed in this
article, is based on the previous work of the authors and current achievements
in tactile sensing and impedance control. The algorithm deals with some envi-
ronment constraints, such as obstacles located in the neighborhood of the door
handles or knobs, by maintaining the contact with the single side of the handle.
This concept is an alternative for motion generation with force grip or closure
grip. Although the controller is stable, a priori parameter determination is needed
to maintain contact with handle. Otherwise, for e.g. to high stiffness, the system
can fail too execute the task. The future work assumes automated impedance
controller parameter learning by analysis of the task execution quality criterion
(e.g. composed of contact force oscillation metrics and other statistics). The
whole procedure will be verified and generalized for opening the various type of
doors (the large doors will be opened with active torso and mobile base) and
drawers. Finally, the manipulation system behavior will be analyzed in cooper-
ation with the visual subsystem, which will perform door and handle detection
and localization instead of markers detection.
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