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1. Introduction

The unstoppable trend of robot being moved
into environments originally designed for human
has changed completely the idea of manufactur-
ing processes inside the companies of the in-
dustry 4.0. The stringent separation between
humans and robots tasks has been abandoned
in favor of more flexible and collaborative au-
tomated systems, where workers (adaptability)
and machines (productivity) cooperate in the
same environment at the same task. In this
intrinsically human-centric environment, dual-
arm manipulators can play a pivotal role, being
able to mimic human behaviours and manipu-
lating objects in ways similar to humans, facili-
tating seamless collaboration between machines
and operators.

The objective of this thesis is to design a plan-
ning algorithm tailored for the manipulation and
reconfiguration of small and light objects with
well-defined features and an established initial
and final pose, taking advantage of a dual arm
manipulator equipped with parallel jaw grip-
pers. The method employs regrasping, a special-
ized form of robot manipulation comprising also
the transfer of an object from one manipulator
hand to another. Regrasping represents a crucial

step when it is not possible to modify the config-
uration of the object using a single grasp, due to
limitations provided by the robot, the gripper,
the object or the environment. Differently from
single arm robots, using a dual arm robot, it is
possible to guarantee unparallel dexterity in the
manipulation task, removing the need to place
object in intermediate positions, cutting down
cycle time and enhancing the overall efficiency
of the production line.

Such method can be applied in different manu-
facturing systems and industrial applications re-
quiring object manipulation like the processes of
assembly and disassembly of composite’s parts,
machine tending or simple pick and place tasks.
The proposed work is designed by prioritizing
simplicity and flexibility, trying to maintain an
high level of robustness. The organization of this
approach takes the form of a sequential pipeline
(Figure 1), separated in an offline phase (Sec-
tion 3) followed by an online phase (Section 4),
divided in different sub-sections, each one facing
a different challenge related to the manipulation
task, integrated together to obtain a complete
pipeline to solve the problem.
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Figure 1: Pipeline of the method.

2. State of the art

The challenge regarding manipulation of small-
medium object employing dual arm manipulator
is addressed by Weiwei Wan, Kensuke Harada
et. al. in [3|, [2] and [4]. What characterizes
these works is the determination of different han-
dling poses before defining a regrasp sequence
and the iterative reconstruction and research of
a complex regrasp graph for each pose, until a
handover sequence is found. Furthermore, They
impose restriction on the specific arm accom-
plishing the final placement, number of regrasps
and the region of the working table containing
the final object pose. This thesis deviates from
previous works, aiming to develop a simple and
effective strategy in defining the grasps and con-
structing a single graph only once. Moreover, it
doesn’t impose any restrictions on arms, num-
ber of regrasp and object poses. It focuses on
the chosen initial/final poses of the object and
selects the optimal handling poses for each re-
quired regrasp only after having performed the
graph search.

3. Offine phase

The offline phase consists in a section where the
robot’s movements, actions, and tasks are pro-
grammed, verified and simulated in a virtual en-
vironment.
The offline phase is organized in steps, imple-
menting different planners:

e Placement planner (Subsection 3.1)

e Grasp planner (Subsection 3.2)

e Association planner (Subsection 3.3)

3.1. Placement planner

The stable placement planner implemented in
this thesis provides the stable placements classes
of any object on a surface, starting from its 3D
model. Specifically, the method focuses on flat
surfaces and exploits the theory described in [1],

based on the computation of the convex hull.
These steps allows to classify the initial and tar-
get stable placements:

1. The object’s convex hull is computed from
a standard 3D mesh representation of the
part to be manipulated.

2. Stable support candidates are extracted af-
ter clustering the hull faces according to
normals similarity.

3. The center of mass is subsequently com-
puted and projected onto each planes con-
taining the faces from step 2.

4. A stability check is performed for each face,
determining whether the center of mass pro-
jection is inside the selected face (stability)
or not (Figure 2).

Figure 2: Stable placement planner output.

Each stable class denotes all stable placements
that are upheld by a particular face but trans-
lated across the entire working table and ori-
ented in accordance with rotations sampled
around the vertical axis.

3.2. Grasp planner

The grasp planner is able, starting from the ob-
ject and parallel jaw gripper information, to gen-
erate a set of feasible grasps the robot can per-
form on the object, along with their quality. The
planner is implemented as an algorithm leverag-
ing the theoretical framework presented by F.
Rohrdanz and F. M. Wall in [1]. The algorithm
can be discerned in a sequence of steps:
1. The gripper’s geometrical features, are
stored and employed to perform a poly-
hedral approximation of the robotic hand
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(Figure 3). The gripper reference frame is
placed at the center of the fingers.

Flange frame

Figure 3: Gripper polyhedral approximation.

2. The object model is parsed to generate face
clusters, according to the orientation of the
normals of the mesh’s triangles.

3. Iteratively, all pairs of parallel faces are con-
sidered and a grasp plane, along with its
grasp frame, are positioned centrally be-
tween the two faces. Subsequently, the two
faces are projected onto the grasp plane,
and the intersection operation is executed
as shown in Figure 4.
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Figure 4: Intersection image generation.

4. For every individual edge resulting from the
projection, a Tool Center Point (TCP) ref-
erence frame is positioned at the centroid of
the intersection image. This frame is config-
ured with an approach direction perpendic-
ular to the edge and a sliding direction per-
pendicular to the grasp plane. In this con-
figuration, if the gripper does not encounter
any collisions with the object, the grasp is
recorded (Figure 5). Conversely, if a col-
lision occurs, the TCP frame is retracted
along the approach direction until there is
no further collision, or until the gripper is
unable to grasp the object due to the exces-

sive distance. In the latter case, the grasp
is deemed unfeasible and consequently dis-

carded.
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Figure 5: Grasp generation pipeline.

5. For each recorded grasp, the fingers’ open-
ing value to correctly perform the grasp and
its quality are computed and saved. The
quality is determined with reference to the
friction force, a parameter closely related to
stability performance.

3.3. Association planner

The concluding stage within the offfine sec-
tion entails the association of the previously de-
termined grasps with the stable and handover
poses the object can assume during manipula-
tion, avoiding collisions.

3.3.1 Association to stable placements

The algorithm constructs an environment con-
stituted by the robot (considering just one arm),
the floor (representing the working table) and
the object, focusing on the interaction between
the gripper and the working table. For each sta-
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(a) Grasp execution with-  (b) Grasp execution with
out collision. collision.

Figure 6: Two examples of grasp association to
a specific stable placement.

ble placement class, a virtual floor is constructed
and positioned on the respective convex hull’s
face, emulating the stable placement. By solv-
ing distinct inverse kinematic problems, all gen-
erated grasps are executed while maintaining a



precise representation of the relative positioning
between the gripper and the table. In each of the
aforementioned configurations, a collision check
is employed to verify whether the gripper is in
collision with the table or not, leading to the ex-
clusion of configurations that create a collision
(examples are shown in Figure 6).

3.3.2 Association to handover states

Whenever a regrasp is necessary, the second
hand reaches the handover state, grasps the ob-
ject in a specific way and the master hand re-
leases it. During the time lapse when both grip-
pers of the dual-arm robot are simultaneously
holding the object, it is crucial to ensure that the
two hands do not collide with each other. The
association planner to handover state solves this
problem associating pairs of collision free grasps
to the handover states. Starting from the set of
grasps generated in Section 3.2, one arm is em-
ployed to perform one grasp, while the second
perform all the others iteratively. In each con-
figuration, a collision check between the hands
is conducted to assess whether the two grasps
can be paired and executed simultaneously with-
out collision. The process is repeated for all the
grasps.

A A

(a) Regrasp execution (b)  Regrasp execution
without collision. with collision.
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: Results of the association to handover

4. Online phase

This online phase starts analyzing the initial and
final poses of the object on the working table,
which are assumed to be known. This phase is
divided in different steps to gather the optimal
grasp and regrasp sequence to execute the object
reconfiguration:

o Inverse kinematic filtering (Subsection 4.1).

e Graph generation and search (Subsection

4.2).

e Optimal handover planner (Subsection 4.3).

4.1. Inverse kinematic filtering

Once the final and starting poses of the object
have been selected, the IK-filter’s role is to iden-
tify and eliminate the grasps that, when the ob-
ject is in those particular poses on the table,
are impossible to be performed by the robot due
to IK feasibility restrictions (visual representa-
tion in Figure 8). The IK-filter is implemented
differently according to the specific placement
considered between the initial and the final one.

|

C) IK-unfeasible grasp

A) IK-feasible grasp B) IK-feasible grasp

Figure 8: IK grasp filtering.

4.1.1 IK-filter for the initial placement
pose

Assumed the initial pose of the object as known,
before applying the IK-filter, the arm responsi-
ble to perform the pick-up task must be selected.
The selection is driven by the object initial pose:
If the object is situated on the left side with re-
spect to the middle robot plane, the left arm is
selected; conversely, the right arm is chosen for
objects on the right side.

Subsequently, using the selected arm, the colli-
sion free grasps associated to the initial place-
ment, are simulated on the object at the initial
pose, assessing whether the grasp can be exe-
cuted seamlessly or not due to kinematic restric-
tions. The remaining grasps are potential can-
didates for the pick-up task.

4.1.2 IK-filter for the final placement
pose

In relation to achieving a definitive grasp for
object placement, the process proposed for the
initial placement undergoes slight modifications.
These adjustments are necessary due to the in-
herent unpredictability of the final arm holding
the object at the end of the sequence, arising
from the unknown number of regrasp that need
to be executed. The collision free grasps associ-
ated to the final placement are analyzed singu-
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Figure 9: IK-filtering on the collision free grasps
associated to final placement.

larly. If the grasp qualifies as an inverse kine-
matics (IK) feasible grasp for both arms, it im-
plies that said grasp can be effectively utilized
to position the object on the table using either
arm at the conclusion of the sequence. Grasps
satisfying this criterion are preserved in Shared
Grasps. Conversely, in presence of the constraint
that only one arm is capable of executing this
grasp when the object is in its final pose, the al-
gorithm stores it in the second vector, denoted as
Not Shared Grasps. Moreover, for this final set,
pertinent information concerning the arm capa-
ble of executing each specific grasp is recorded.
The procedure is shown in Figure 9. These two
sets are potential candidates for the place-down
task, albeit prioritization is given to grasps fea-
sible for both arms, thereby aiming to minimize
cycle time in the overall process.

4.2. Graph generation and search

Among the IK-feasible and collision free sets of
grasps candidates to pick-up and place down the
object, two must be singled out, the first as-
sociated with the initial placement, the second
with the target placement. The criteria used
to choose these two grasps can make usage of a
graph.

The selection process is divided in two steps:

e If shared grasps exist between pick-up and
place-down candidates, and these grasps in-
volve the same arm, the algorithm selects
the grasp with highest quality among them.
This selection allows for manipulation with-
out the need for regrasping and searching
the graph. Conversely, if no shared grasps
are available, the algorithm focuses first on
pick-up grasps extracting from it a sub-
set of candidates with the greatest shared
quality. Similarly, for the final placement,
the algorithm initially extracts grasps with

the highest quality from the set of Shared
Grasps. If this set is empty, the same pro-
cess is applied to the set of Not Shared
Grasps. This results in two smaller sets
of grasp candidates for pick-up and place-
down tasks, each characterized by the high-
est shared quality.

The output sets of grasps obtained in the
previous step are passed to the graph gener-
ator and searcher. The chosen graph struc-
ture is a directed and weighted graph, where
each node corresponds to a grasp generated
by the grasp planner. If two grasps can be
paired, two direct connections (representing
a regrasp) between the nodes correspond-
ing to these grasps are generated. An ex-
ception exists for the two external starting
and ending nodes, which signify the initial
and final grasps when the object is placed
on the table in the initial and final poses.
These nodes are connected to the rest of
the graph via two direct edges, represent-
ing the transition from a stable placement
to a handover state and vice versa.
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Figure 10: Graph generation and search.

The weight assigned to each edge corre-
sponds to the difference between the max-
imum quality and the quality associated
with the grasp represented by the end node
of the edge. By using a shorter path search
algorithm, such as Dijkstra, paths with low
weights are favored and represent grasps
with the highest quality. This approach
yields a trade-off between grasp stability
and number of regrasp, helping reducing the
cycle time.

The initial and final nodes are selected it-
eratively from the candidates identified in
the previous step. For each pair, the graph
is searched, and the solution with the mini-
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Figure 11: Object reconfiguration pipeline.

mum path cost is stored. This solution not
only identifies the optimal initial and final
grasps but also outlines the sequence of re-
grasps to execute to achieve object recon-
figuration (Figure 10).

4.3. Optimal handover planner

Upon generating the optimal handover se-
quence, the final step involves determining the
optimal handling poses necessary to execute the
regrasps as dictated by the graph search algo-
rithm. This task is undertaken by the opti-
mal handover planner that tries to maximize
the robot manipulability. For each required re-
grasp, the object is translated of a fixed step on
a plane between the two arms. At each position,
the object undergoes rotational adjustments, of
a fixed rotational step, around the three axes
iteratively, as shown in Figure 12. For every ob-
ject configuration, the pair of grasps needed to
perform the regrasp is executed, and the manip-
ulability value is calculated. The configuration
yielding the maximum manipulability is retained
as the optimal handover pose.
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Figure 12: Optimal handover planner execution.

5. Validation and conclusions

The methodology has been experimentally vali-
dated through the usage of the ABB IRB 14000
Yumi dual-arm robot and three distinct objects
possessing varying features. The regrasp se-
quence, tailored for specific object manipulation,
undergoes preprocessing and subsequent trans-
mission to the robot for execution. The trans-
mission process employs two distinct algorithms.
The first algorithm, executed in “rapid language”
within ABB RobotStudio, implements action
primitives for arm motions and gripper actua-
tions. This results in the generation of a sys-
tem characterized by a Finite State Machine
(FSM) behavior. The second algorithm is im-
plemented within the Robot Operating System
(ROS) framework. It creates a node that lever-
ages the services offered by the “abb rws ser-
vice provider” inside the “ABB_robot driver”
repository, to interact with the ABB robot con-
troller. This arrangement enables direct inter-
action with the state machine, thereby ensuring
the execution of the regrasp sequence, as shown
in Figure 11. For each object, numerous recon-
figuration sequences were systematically tested
differentiating poses and stable placements for
both the initial and final object orientations.
This rigorous testing involved deliberately se-
lecting challenging scenarios during both the
grasp and regrasping phases, thereby evaluating
the system’s robustness. The results obtained
from the experimental validation are presented
in Figure 13. Time variation between different
objects are caused by object geometric features
that vary the number of grasps generated and
the number of analyzed object’s poses from the
optimal handover planner. This variation mod-
ifies the number of IK problems that need to
be solved, impacting the online computational
time.

The presented methodology provides good re-
sults and effectively implements a manipula-
tion planning strategy, enabling the reorienta-
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tion of an object from any given pose within the
workspace to another arbitrary pose.

S — i | —
i . I — -
49,4s | I 46,8 I 47,1s ~. A
. e | e |
-3V 0
48,85 ‘| 36,25 | 45,25
— wgm I s ke I
W AW ¥ E=
42,45 | 44,75 | =13 J
__ I
L S P e
' 50,7s I 39,25 I 41,3s y

Figure 13: Owverall required time for the on-
line phase execution and manipulation task, con-
cerning four sequences for each object.

Moreover, as a comprehensive strategy designed
to be readily adaptable across various biman-
ual systems and tailored to diverse customized
products without the employment of learning
techniques, the method can be extracted and
adapted rapidly for specific usage requiring ob-
ject reconfiguration. This satisfies the necessity
for flexibility and adaptability in the automation
of diverse industrial operations.
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