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(a) Reaching to a goal location in foliage with multiple contacts along the arm. The forearm and 3D
printed cover for the wrist are approximately outlined in red. The goal location is vertically below the blue

bulb, and is the cyan circle in the visualization.

(b) Reaching to a goal location (green) through the opening of a cinder block.
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(c) Histogram of contact forces while reaching to a goal location in foliage (left), and
through the openig of the cinder block (ght).

Fig. 19. Cody reaching to a goal location in realistic conditions using its forearm tactile sensor, described in Section 7.2.1.

Table 3. Mean (std) over five trials of the execution time and max-
imum force for different values of the modeled contact stiffness
while pushing into a compliant object.

Modeled contact stiffness (N/m)

200 500 1000 3000 5000
Mean (std) 3.44s 349s 3.66s 4.49s 542s
execution (0.06s) (0.05s) (0.04s) (0.19s) (0.15s)
time
Mean (std) 3.55N 387N 378N  3.65N 3.69N
max force (0.17N) (0.15N) (0.19N) (0.17N) (0.40N)

real-world factors that influence stability. Empirically, we
have found that the system behaves in a stable manner, but

formal analysis, potentially using the methods of Mayne
et al. (2000), could be beneficial.

Our contact model consists of a linear spring, which
is computationally favorable, but predicts adhesive forces
when breaking contact.

Our controller places no penalty on a predicted contact
force below /""", and has a hard inequality constraint that
prevents higher predicted forces. It may be advantageous to
soften this constraint.

Our controller also ignores dynamics. The resulting
quasi-static model is suitable for slow motions, which is
reasonable for haptic reaching since a collision could occur
at any moment. Taking dynamics into account may result in
better performance and higher speeds.
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Fig. 20. Initial configuration of the arm (left) and a final con-
figuration after it has reached the goal by bending the styrofoam
cylinder (right).

The high-level control we used in this paper may not be
appropriate for some types of clutter. The design of high-
level controllers, and associated representations with mem-
ory, merits further inquiry. For example, surface following
while exploring an environment may be beneficial.

We set the stiffnesses of the joints to constant low val-
ues. We did not investigate how performance changes with
different values. A related open question is how to initial-
ize and adapt the controller parameters such as the joint
stiffnesses, stiffnesses of the springs in the contact model
and starting configuration of the arm, given a robot, an
environment, and a task.

9. Conclusion

We have presented our approach to manipulation, which
from the outset emphasizes the benefits of making contact
with the world. We have also presented a new controller
and evaluated it with respect to the task of reaching in
high clutter. In three distinct testbeds over numerous experi-
ments, our controller with whole-arm tactile sensing outper-
formed other controllers. With real robots, it outperformed
a baseline controller with the same low-stiffness actuation.
In simulations with moderate clutter, it outperformed the
same model predictive controller using no force sensing and
using per-link force—torque sensing, with the relative ben-
efits of whole-arm tactile sensing increasing as the clutter
increased. Moreover, as the number of retries increased, the
success rate quickly rose towards our estimate of the opti-
mal success rate. This suggests that detailed models with
long time horizon planning may not be necessary when
reaching in clutter, which is similar in spirit to research
by Byl and Tedrake (2008) on bipedal walking. An open
question is the extent to which our controller can be used
for other tasks, robots, and environments. We expect that
controllers designed for whole-arm contact could eventu-
ally serve as general purpose controllers upon which other
capabilities, such as avoiding contact, would be built.
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Appendix: Index to Multimedia Extensions

The

multimedia
http://www.ijrr.org

extension page is found at

Table of Multimedia Extensions

Extension Type

Description

[TO]

=

|1x=1 I =51 I 1 N . B L |

[Vided

‘Simple” impedance controller and low stiff

ness at the joints for the robot Cody,

described in Section 3.2.1)

[Vided

First example in software simulation wherg

IMPC with feedback from force—torque sen-

sor fails but MPC with tactile sensing suc-

Ceeds, described in Section 6.3.2)

[Vided

Second example in software simulation

where MPC with feedback from force

torque sensor fails but MPC with tactilg

kensing succeeds, described in Section 6.3.2

Vided

IAdditional high-level control layer in a sim-

lified environment in software simulation

described in Section 6.4)

[Vided

Test of MPC as part of a fully autonomous

kystem  within the hardware-in-the-loop

testbed, described in Section 7.1.2]

[Vided

[llustrative example of reaching in foliagg

using the real forearm tactile sensor,

described in Section 7.2.1)

[Vided

[llustrative example of reaching through the

opening of a cinder block the real forearm

tactile sensor, described in Section 7.2.1]

[Vided

IMPC vs. baseline controller in foliagg

using forearm tactile sensor, described in

Section 7.2.2)

[Codd

Code, instructions and data to repro-

duce results within the software simulation

testbed (Section 6)]
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