


Such applications could include infrastructure re-
pair, disaster response, casualty extraction, and
cargo resupply, leading to a paradigm shift in the
way UAVs are deployed.

While mobile manipulation continues to be a
highly active eld of study, much of the focus
lies with ground vehicles that provide a passively
stable base during manipulation. Some researchers
have achieved aerial grasping through the use of 1
degree of freedom grippers [1], [2]. While these re-
sults are valuable, they implement simple grasping
rather than true manipulation. The host platform
provides the extent of the manipulation degrees of
freedom. MM-UAV efforts are inspired by nature,
to implement true dexterous manipulation from
aerial vehicles in ways that are similar to how an
octopus can use its tentacles to manipulate objects
like seashells while walking on the ocean oor or
swimming with its remaining tentacles.

Towards realizing our vision of MM-UAV, we
explore the use of a hyper-redundant tentacle-like
manipulator as shown in Figure 1 that has the
following advantages:

1) Highly redundant manipulators have large
reachable spaces, affording reliable access
to end effector poses while reducing the re-
quirements on platform positioning accuracy.
The hyper-redundant manipulator itself can
be used as an end effector to interact with
certain types of objects that are not necessar-
ily graspable with the installed end effector.
A high degree of redundancy allows for a
controller to take advantage of link motions
in the manipulator’s free space, which can
be used to either impact or minimize arm’s
in uence on the host platform’s dynamic
state as desired.

2)

3)

Our goal in constructing this hyper-redundant
manipulator is not necessarily to y this speci ¢
model on a UAV, but to allow us to study the fun-
damentally open research issues of reaction forces
and torques associated with MM-UAVs interacting
with their environment. Despite this primary goal,
it is be possible to mount a manipulator by this
design onto larger scale UAVs such as the Roto-
motion SR 20 robotic helicopter. Additionally, the
lessons learned from this effort may be leveraged
in the future to construct a smaller, lighter version
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for use with quad-rotors such as the Ascending
Technologies Pelican.

II. RELATED WORK

Highly dexterous manipulators on ground-based
systems are of great interest for commercial and
military applications due to their ability to interact
with their environment. NASA’s Robonaut, Univer-
sity of Massachusetts’ uBot, Willow Garage’s PR2,
and CMU’s HERB all include dual manipulators

xed to a mobile base. There are also many xed
base dual arm systems such as DARPA’s ARM
Robot, Massachusetts Institute of Technology’s
DOMO, and University of Massachusetts’ Dexter
robot. The systems most related to our design
include those on a mobile base that must dynami-
cally balance during the manipulation task. In par-
ticular, we believe there are signi cant similarities
between MM-UAV and humanoids. The Humanoid
PIRE (Partnership for International Research and
Education) hosted by Drexel University and funded
through the National Science Foundation is using
full-scale, mini, and virtual HUBO platforms to
study bipedal locomotion and grasping [10]. Hu-
manoids such as HUBO and the DARPA Robotics
Challenge Atlas robot share our challenge of com-
pensating for a constantly changing center of grav-
ity during whole body locomotion and manipula-
tion.

In addition to leveraging work on manipulators
attached to ground vehicles and humanoids, we
will take advantage of advances in UAV tech-
nologies. Autonomy for rotary-wing unmanned air
vehicles is being studied at numerous universities,
research centers, and private companies, which
will help stabilize our platform. Advances in ma-
terials and electronics have allowed researchers to
achieve small form-factors and light weights [3],
[4]. There are a number of aerial testbeds to study
single and multi-robot coordination and perform
algorithm testing [5], [6]. Many laboratories use
motion capture systems, implementing an array of
high-speed cameras in an indoor chamber. With
improvements in mobile manipulation techniques,
particularly with ground robots, these methods are
now being applied to aerial vehicles as well [14].
The Yale Aerial Manipulator can grasp and trans-
port objects using a compliant gripper attached



(a) Jaws Open

Fig. 3.
variety of objects with minimal grasp planning

approach that seeks to minimize the error between
the desired and current end effector positions,
ultimately solving g which represents the resulting
joint positions for the manipulator.

q= Oprevious + X q (1)
Where starts at a value of 1 and is decreased if
the solution begins to diverge during iteration and:
q=J% x [Xo—X] )

Where [Xo — X| is the 6 degree of freedom
error between the desired and current end effector
positions and J# is the pseudo inverse of the

manipulator’s Jacobian J:
JF=3Tx (3 xJ3h1* 3)

2) Weighted Pseudo-Inverse Jacobian Inverse
Kinematics: The weighted pseudo-inverse Jaco-
bian is similar to the pseudo-inverse Jacobian
except that  is calculated:

q:W 1J#T(J#W 1J#T) 1[X0—X]
Where:

“4)

W — Kw|(|q+CI| - |qprevious|)| (5)

K. is a weighting gain that must be adjusted to
tune the algorithm to suf ciently avoid solutions
where joints are commanded to positions close to
their limits. For our hyper-redundant manipulator,
we achieved satisfactory results by setting K, =
1000. It should be noted that q and ¢ in 5 must be
pre-calculated using the standard pseudo-inverse

(b) Pinching Grasp

(c) Passively Compliant Caging Grasp

Passively compliant 2 degree of freedom gripper with 1 degree of actuation allows the hyper-redundant arm to grasp a wide

Jacobian approach described in 1 and 2. Small
weighting values for a joint in W results in the
joint being used to a greater extent to reach the
end effector target, while large values reduce the
use of a given joint.

3) Heuristic Inverse Kinematics: Finally, we
considered a heuristic inverse kinematics algorithm
that is as described in [12]. This heuristic algo-
rithm calculates joint angles to achieve a desired
end effector pose as follows:

1) Use forward kinematics to calculate the dis-
tance between the end effector and the gaol
position.

2) Calculate the impact on end effector close-
ness to the goal as each joint is indepen-
dently moved up and down from its original
position by an angle (A ) without exceeding
speci ed joint limits. An initial value of
A = =4,

3) Analyze the results of step 2, selecting the
joint and direction that resulted in the small-
est subsequent end effector to goal differ-
ence.

4) Apply the joint position identi ed in step
3 if it produces a smaller error that what
was identi ed in step 1 and return to step
1, otherwise divide A in half and return to
step 2.

5) End when the end effector is closer than a
desired threshold to the goal position.
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(e) Move Block Between Posts
Fig. 5.

5) Ultimately our goal is to

(1]

(2]

(3]

(4]

(3]

(f) Align Block to Post

y a hyper-
redundant manipulator such as this on either
a larger scale UAV such as the Rotomotion
SR 20 robotic helicopter or to scale our
design both in size and weight to be mounted
on a smaller platform such as the Ascending
Technologies Pelican.
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