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Abstract

The rising of new technologies and the unstoppable trend of robot being moved into envi-

ronments originally designed for human have changed completely the idea of production

and manufacturing processes inside the companies of the industry 4.0. The stringent sep-

aration between humans and robots tasks has been abandoned in several �elds, in favor of

a more �exible manufacturing system and collaborative automated system, where workers

and machines cooperate in the same environment at the same task. With the advent of

collaborative robots (cobots), a middle ground has emerged that balances the need for

�exibility combining humans' adaptability and robots' productivity.

In this intrinsically human-centric environment, dual-arm manipulators can play a pivotal

role, being able to mimic human behaviours and manipulating objects in ways similar to

humans, facilitating seamless collaboration between robots and operators.

The objective of this thesis is to design a planning algorithm tailored for the manipulation

of an object with well-de�ned features and established initial and �nal poses. The main

objective is the repositioning and the reorientation of the object reaching a goal, taking

advantage of a dual arm manipulator. An integral facet distinguishing this approach in-

volves regrasping, a specialized 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 con�guration of the object using a single grasp,

due to limitations provided by the robot, the gripper, the object and the environment.

Di�erently 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 objects in inter-

mediate positions and cutting down cycle time. The method developed in this thesis can

be applied in di�erent manufacturing system and industrial applications like the processes

of assembly, disassembly, machine tending of composite's parts, or for simple pick and

place tasks.

The proposed work is designed by prioritizing simplicity and �exibility, while trying to

maintain a high level of robustness. The organization of this approach takes the form

of a sequential pipeline, beginning with the identi�cation of stable object placements.

Subsequently, it involves the speci�cation and association of the corresponding grasping
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con�gurations, for both robotic hands, to these established poses, followed by a grasp pair-

ing process to the possible object's handling poses. During this process, an evaluation of

the grasps quality ensues, with a concurrent elimination of unfeasible con�gurations that

may potentially result in collisions or instability. Then, a process of grasps selection and

graphical representation is executed. This graph is systematically explored to identify an

optimal path that facilitates the achievement of the task, spanning from the initial pose to

the �nal desired con�guration. The pipeline is completed exploiting an optimal handover

state planner, which is able to identify the object's poses to perform the regrasp required

by the graph search solution. The method has been experimentally validated applying it

on the ABB IRB 14000 Yumi dual arm robot at the Merlin Lab at Politecnico di Milano.

The tests has been executed using a parallel jaw gripper on di�erently shaped objects.

Keywords: Dual-arm robots, regrasping, manipulation, planning.
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Abstract in lingua italiana

L'ascesa delle nuove tecnologie e l'inarrestabile tendenza dei robot ad essere impiegati in

ambienti originariamente progettati per gli esseri umani hanno cambiato completamente

l'idea dei processi di produzione e manifatturieri all'interno delle aziende nell'industria

4.0. L'istituzione di una netta separazione tra le attività di umani e robot è stata ab-

bandonata in diversi settori, a favore di un sistema di produzione più �essibile e di un

sistema automatizzato collaborativo, in cui lavoratori e macchine cooperano nello stesso

ambiente per svolgere le stesse attività. Con l'avvento dei robot collaborativi (cobots) è

emersa l'opportunità di bilanciare la necessità di �essibilità combinando l'adattabilità

dell'uomo con la produttività dei robot. In questi ambienti intrinsecamente centrati

sull'essere umano, i robot a due braccia possono assumere un ruolo fondamentale, es-

sendo in grado di imitare i comportamenti umani e manipolare gli oggetti in modo simile

agli esseri umani, facilitando la collaborazione tra operatori e robot.

L'obiettivo di questa tesi è progettare un algoritmo di piani�cazione adattato per la

manipolazione di un oggetto con attributi ben de�niti e pose iniziali e �nali stabilite.

L'obiettivo principale è il riposizionamento e la riorientazione dell'oggetto per raggiungere

una posizione obiettivo, sfruttando manipolatori a due braccia. Un aspetto fondamentale

che contraddistingue questo approccio è il regrasp, una forma di manipolazione robotica

specializzata che comprende anche il trasferimento di un oggetto da una mano del ma-

nipolatore all'altra. Il regrasp rappresenta un elemento cruciale quando non è possibile

modi�care la con�gurazione dell'oggetto utilizzando una sola presa, a causa di limitazioni

imposte dal robot, dalla pinza, dall'oggetto e dall'ambiente circostante. Al contrario dei

robot a singolo braccio, utilizzando un robot a doppio braccio è possibile garantire de-

strezza nella manipolazione, eliminando la necessità di posizionare l'oggetto in posizioni

intermedie e riducendo i tempi di ciclo. Il metodo sviluppato in questa tesi può essere

applicato in diversi sistemi di produzione e applicazioni industriali, come i processi di as-

semblaggio, smontaggio di parti composite, asservimento macchina o per semplici attività

di prelievo e posizionamento.

Il lavoro proposto è stato condotto privilegiando semplicità e �essibilità, cercando di

mantenere allo stesso tempo un alto livello di robustezza. L'organizzazione di questo ap-



proccio assume la forma di una pipeline sequenziale, iniziando con l'identi�cazione delle

pose stabili dell'oggetto. Il metodo procede speci�cando e associando delle con�gurazioni

di presa corrispondenti, per entrambe le mani robotiche, a tali pose stabilite, seguito da

un processo di accoppiamento degli a�erraggi alle possibili pose di regrasp non ottimali

dell'oggetto. Durante questo processo, si procede con la valutazione della qualità degli

a�erraggi e con l'eliminazione delle con�gurazioni irrealizzabili che potrebbero causare

potenziali collisioni o instabilità. Segue la selezione degli a�erraggi e la realizzazione di

una rappresentazione gra�ca. Questo grafo viene esplorato sistematicamente per identi�-

care un percorso ottimale che faciliti il conseguimento della manipolazione, dalla posizione

iniziale alla con�gurazione �nale desiderata. La sequenza di step termina con l'utilizzo

di un piani�catore di stati di scambio ottimali in grado di de�nire le pose per poter es-

eguire i regrasp richiesti dalla soluzione della ricerca su grafo. Il metodo è stato validato

sperimentalmente applicandolo all' ABB IRB 14000 Yumi al Merlin Lab del Politecnico

di Milano. I test sono stati eseguiti utilizzando un gripper a dita parallele e su oggetti

con forme diverse.

Parole chiave: Robot a due braccia, ri-a�erraggio, manipolazione, piani�cazione.
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1| Introduction

1.1. Industry 4.0 and dual-arm systems

The introduction of robots in small, medium and large companies has changed completely

the idea of production systems. The initial signi�cant integration of robots into industrial

processes occurred during the era of Industry 3.0, marking a pivotal moment. During this

phase, Information and Communication Technology (ICT), informatics, and electronics

were introduced, thereby signi�cantly elevating the degree of automation within the man-

ufacturing sector.

Presently, the imperative incorporation of a substantial number of robots within the ma-

jority of companies has become a necessity. This development is driven by the transfor-

mations that have occurred over the years within the manufacturing industry, including

also the shift from a low mix and high volume production to a high mix and low volume

production and the request of highly customized products from the costumers which re-

quires a more �exible production.

This continuous process of innovation and digitalization of the manufacturing industry

has made the rising and development of the industry 4.0 possible, thanks to advanced

networking, machine learning, big data, data analytics, IoT, advanced robotics, cloud,

simulations and many more. The integration of these technologies along with the imple-

mentation of remarkable innovations like self-optimizing/programming robots, predictive

maintenance and digital twin, allowed to exploit at best the potentialities of robots.
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Figure 1.1: Industry 4.0, a visual representation.

In the era of industry 4.0, collaborative robotics, revolutionized manufacturing systems.

Initially, robots were introduced to replace human operators, who assume supervisory

roles, in strenuous, repetitive, and dangerous tasks, enhancing quality and production

speed. The problems related to this approach were the high cost related to the robots

and the infrastructures necessary to host the new production systems. To achieve a fully

operational robotic system, a substantial amount of space is indeed essential to accommo-

date both the robots themselves and the protective enclosures within which they operate.

Obviously, only big companies were able to a�ord such hardware investments to transform

their working space, generating a series of disadvantages in terms of competitiveness for

the small-medium enterprises.

Over the years another problem rises up, due to the changes in the market related to the

requests of the costumers, the demand passed from low-mix and high-volumes products

to goods which required more and more customized properties and lower production vol-

umes. The hard automation represented by the old production line systems, designed to

produce a speci�c product on a large scale with heavy duty manipulators without the

contribution of the human operators, were not able to satisfy the �exibility required by

the new markets. Hence, over time, there has been a notable surge in the deployment of

robots, primarily owing to their inherent �exibility, which allows for program adjustments

to align with speci�c tasks. However, the pivotal factor that can embody an ideal balance

between adaptable manual labour and the rigidity of high-productivity automation lies

in the usage of collaborative robots, often referred to as 'cobots'.

Cobots are a new paradigm in industrial robotics, where humans and robots share the

same environment and collaborate at the same task, without the usage of protective fences,

guaranteeing �exibility and an important reduction of the cost and footprint. This aspect
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holds paramount signi�cance, especially for small and medium-sized enterprises (SMEs)

that may encounter challenges in undertaking comprehensive plant recon�gurations. In-

deed, thanks to the adherence to stringent safety standards and the low inertia/payload of

these robots, they can be seamlessly integrated directly onto the working tables of human

operators.

Figure 1.2: Example of a collaborative task between a human operator and a Yumi robot

by ABB.

From the perspective of the human operator, the collaborative robot also o�ers notable

advantages. Its user-friendly installation, programming capabilities facilitated by the

teach pendant, and passive safety features, which include reduced joint velocities and the

absence of sharp edges, serve to mitigate risks for individuals working in close proximity

to the robot. Of course, the amount of load they can carry and the velocities they can

achieve is reduced, but still a good precision and accuracy is provided.

Throughout the evolutionary trajectory of robot integration, where humans start to col-

laborate with robots, the role of dual-arm manipulators took a signi�cant prominence.

Due to the increased human-like capabilities of the system stemming from two arms

and dual tooling bringing enhanced dexterity allowing for simultaneous control and syn-

chronous movement of both robot arms and product components. Moreover, the devel-

opments in the areas of humanoid robots as well as the work on learning by imitation,

has opened for use of di�erent dual arm setups.

All these characteristics resolve the need for adaptation of robots to these intrinsically

human-centric environments, in order to mimic human behaviours and manipulate ob-

ject in ways similar to humans, facilitating seamless collaboration between humans and

robots.

However, their introduction shouldn't be considered a novelty of recent years, it is worth
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noting that, some of the earliest robotic manipulators featured dual-arm systems. Early

examples include the manipulators constructed by Goertz in the 1940's and 1950's for

handling of radioactive goods, that were used in pairs, with the operator controlling one

with each hand, the NASA's experiments with anthropomorphic dual arm teleoperators

in 1969, the usage of dual arm system for the deep-sea exploration in the late 1950's.

The reasons and advantages provided by dual-arm robotic systems can be summed up in

the following list:

ˆ Similarity to operator - A valid reason to use dual arms in teleoperation setups is

that operator is used to perform bimanual tasks, and having two arms at the slave

site means that operator's bimanual skills can be transferred to the remote site.

ˆ Flexibility and sti�ness- The sti�ness and strength of a bimanual manipulator can

be combined with the task �exibility and dexterity of a serial link manipulator by

using the two arms in a closed kinematic chain.

ˆ Manipulability - Exploiting the availability of the two arms and the high degree of

task space redundancy of a bimanual robotic system, it is possible to perform tasks

that are impossible to accomplish using a single arm. Taking in considerations

operations like mid-air regrasping or peg-in-hole or screw assembly, one arm can

position the peg and one the hole, or one arm can control the nut and the other the

bolt.

ˆ Cognitive motivation- Thanks to similarity of a human-like anthropomorphic bi-

manual system and humans, in a human-robot interaction (HRI) context, it has

been argued that since humans have an intuitive understanding of bimanual ma-

nipulation, the actions of a dual arm robot are easier for an observing human to

understand.

ˆ Human form factor- With the advent of robot in environment originally intended

for humans, Christian Smith et. al. ([42]) assess that robot manipulators will

need to have a human-like form to perform well. Moreover, the usage of dual-arm

systems in industry has increased recently, proving that their usage can provide less

space occupation and cost with respect to two single arm units, considering also the

great advantages for small-medium company provided by the introduction of this

manipulators without redesign the workspace.

Most of the topics related to dual-arm manipulators are still being researched in di�erent

engineering areas and provide relevant application scenarios for various enabling tech-

nologies. Concerning dual-arm robots applications, they can assist with a plentiful of
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operations e.g. maintenance, part feeding, assembly and disassembly. More speci�cally,

to report a signi�cant example, the disassembly of electronic components is a growing

area of interest in the research community, due to the throwaway consumerism culture

which currently results in a tremendous waste of valuable materials.

1.2. Thesis objective and contribution

All the aforementioned applications of dual-arm robotic systems pertain to the manipula-

tion of objects, which can either be components of a composite product or items that need

to be picked and placed, moving them from one station to another, while altering their

con�guration. The work in this thesis follows the approach described in the following

chapters to design a planning algorithm for the manipulation of an object using a dual

arm robot. The main objective is to move the object from a known initial con�guration

in terms of position and orientation, to a �nal desired one, exploiting the advantage of

the dual arm manipulators parallel dexterity.

The core element of this method is represented by �regrasping�: a specialized form of robot

manipulation that can be performed in several ways as described in 2.2.4. The mid-air

transfer of an object from one manipulator hand to the other is the kind of regrasp that

will be employed in this thesis. This transfer is strategically executed, with the aim of

enabling precise placement of the object onto the working table in the desired pose, often

involving strategic grasping in speci�c areas of the object. Regrasping represents a crucial

step when it is not possible to modify the con�guration of the object using a single grasp,

due to limitations provided by the robot, the gripper, the object and the environment.

Obviously, this task can be accomplished employing a single-arm robot, which has the ca-

pability to initially grasp the object, reposition it on the table, and subsequently re-grasp

it with an altered con�guration. Nevertheless, using a dual arm robot, it is possible to

guarantee parallel dexterity in the manipulation task, removing the need to place objects

in intermediate positions and cutting down cycle time.

A main assumption is the knowledge of the object manipulated features and pose. Con-

sequently, it is not necessary to adopt devices like Kinects, LIDARS or more complex and

expensive visual devices to analyze the shape and pose of the object before performing

the manipulation task.

The objects manipulated with a dual arm robot can be of di�erent types and shapes,

for this thesis the object considered is polyhedral, light and with a small-medium size,

in order to be easily manipulated using a single parallel jaw gripper. In contrast, larger

and more robust robots (not designed for collaborative robotics) would be required to

manipulate objects that are bulkier and heavier, potentially necessitating the concurrent
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use of both robotic arms and generating a closed kinematic chain.

The robot used for the experimental validation is the Yumi robot by ABB, with 7-DOF

for each arm, providing a total of 14-DOF. This last characteristics can be seen as a

disadvantage in terms of complexity of the con�guration space to manage, but also as an

advantage guaranteeing redundancy, an important property of the manipulator obtained

when the number of DOFs is greater than the number of task variables necessary to per-

form a certain task. Redundancy in robotic systems provides important bene�ts like:

increasing dexterity of the robot, avoid obstacles, avoid kinematic singularities, minimize

energy consumption and increase safety.

The entire manipulation problem is structured in a pipeline composed by two macro sec-

tions, divided in di�erent sub-problems integrated together to obtain a complete solution

of the problem (Figure 1.3).

Figure 1.3: Visual representation of the pipeline.

The �rst macro section is the so calledO�ine phase , it consists in a phase where the

robot's movements, actions, and tasks are programmed, veri�ed, simulated and tested in

a virtual environment. This approach provides several advantages like lighting the online

computational weight, reducing the downtime of the robot.

In this phase, the model of the robot and of the object respectively are used to gather data

for subsequent use in the online phase. The �rst program designed consists in astable

placement planner, it generates stable poses of an object on a plane starting from its 3D

model. For this purpose, an algorithm has been developed which evaluates the stability

of each convex hull's face, eliminating as candidates the one that entail instability and

possible falls. The two stable placement classes on which this work focus are the starting

one, before the object is grasped, and the �nal one, when the object is placed down on

the working table in the desired con�guration. Once the two stable placements gave been

selected, the position and orientation of the object will be chosen before executing the

manipulation and the online phase.
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A second sub-part consists in the implementation of thegrasp planner. Having the in-

formation about the 3D shape and the surface of the object to be manipulated, through

speci�c algorithms, a set of feasible grasps is generated. A grasp entails establishing a

relative position and orientation between the robot's gripper and the object, ensuring a

proper and stable grasp of the object. This process enables the de�nition of a collec-

tion of homogeneous transformation matrices representing position and orientation of the

gripper reference with respect to the object reference frame. A successive grasp quality

evaluation is performed, in order to classify the di�erent grasps, establishing the ones

that provide the best stability performance both in static, winning the gravity force, and

dynamic situations, winning gravity and inertia forces.

A fundamental step that terminates this phase is theassociation. Once the set of grasps

has been established, this step consists in associating the di�erent grasps with both hands

and the various states that the object can assume. Speci�cally, it is essential to link the

grasps with stable placements, while excluding those that could potentially lead to colli-

sions between the hand, the table, or the object itself.

Subsequently, a pairing and a handover states association process initiate, as these pertain

to regrasping scenarios in which both hands simultaneously hold the object, resulting in

a closed kinematic chain. In this situation, it is crucial to account for the possibility of

collisions that may occur between the two hands during the regrasping operation.

This concludes the o�ine part, generating the data necessary to execute theOnline

phase. This phase starts analyzing the information concerning the initial and �nal pose

of the object on the working table, which are assumed to be known. The program selects

the set of grasps that don't entail collision with the table in both the poses and �lter them

using anIK-feasibility �lter , assuring that the grasps can be performed correctly.

The remaining grasps are analyzed and the most e�cient grasps to pick-up and place

down the object are selected according to quality criteria and time e�ciency.

Two grasps candidate sets are constructed to pick-up and place down the object providing

them as input to the regrasp graph generator. Subsequently, a graphical representation

is generated to plan all conceivable trajectories that the two robotic arms can traverse,

ensuring the successful execution of the object manipulation task from the initial pose to

the concluding one.

The �nal two online steps of the pipeline are represented bygraph-search and optimiza-

tion, which consist in a search in the graph to �nd the manipulation and regrasp sequence

for the re-orientation task. Of course, once the graph is generated, di�erent solutions

can be found combining di�erent pairs of initial and �nal grasps. However, through a

process of impracticable solution elimination and minimum path research, it is possible
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to obtain the optimal solution among all the feasible ones in terms of stability and time

minimization.

Within the optimization step a �nal phase is dedicated to de�ning optimal handover states

in terms of robot manipulability, wherein the poses at which the object transitions from

one hand to the other are identi�ed.

The proposed method tries to remain as simple and general as possible by employing

simple geometrical criteria and assumptions to build all the steps in the execution of the

grasp, regrasping and placement sequence, maintaining also a good degree of robustness

by means of appropriate grasp choices. Another strength of this approach is to be as

much as possible independent from external vision systems, which are not mandatory for

the implementation of the entire procedure.

A second part of this thesis is the application of the aforementioned pipeline in a real

case for the manipulation of an object, to be carried out using a Yumi manipulator by

ABB available in the Merlin Laboratory, a part of the Politecnico di Milano Electronics,

Information and Bio-engineering Department. The case study highlights how the method

is able to successively carry out part manipulation, and how it can be used as base for

future improvements and developments for the manipulation of objects using a bimanual

manipulator.

1.3. Thesis achievements

To sum up, the main results achieved during this thesis are:

ˆ The general de�nition and development of a pipeline for a �exible manipulation

method of a known object from an initial con�guration to a �nal desired pose, using

a dual arm robot with possible regrasping passing the object from one hand to the

other one.

ˆ The design of an algorithm that is able, given the 3D representation of the object,

to automatically de�ne the stable placements of an object, evaluating if a face of

the convex hull can be a good candidate to be a support face.

ˆ The usage and adaptation of an algorithm for the generation of the possible grasps

that the gripper can perform on the object, with a successive evaluation of their

quality and elimination of the unfeasible ones.

ˆ The de�nition of a process involving grasp association with the object states and

inverse kinematic �ltering of collision-free grasps associated with the initial and tar-
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get object's poses. This is followed by graph generation and minimal path search for

the selection of grasp and regrasp actions, aimed at achieving the task of reorienting

and repositioning the object.

ˆ The design of an algorithm to determine the optimal handover poses starting from

the regrasp sequence provided by the graph searcher.

ˆ An experimental validation employed to demonstrate that the proposed method

is able to perform part manipulation and reorientation by means of a sequence of

grasps and regrasps.

The thesis will be organized in di�erent chapters as follow:

ˆ Chapter 2 : provides a concise overview of the primary works published in the

literature regarding the manipulation of objects through robotic systems, delving

deeply into projects centered around dual-arm systems and encompassing all asso-

ciated components and challenges that must be addressed to achieve an e�ective

comprehensive part manipulation and recon�guration.

This section commences with a succinct introduction and description of dual-arm

robots, outlining the modeling techniques essential for achieving object grasping and

manipulation. Afterwards, the chapter focuses on various aspects and issues related

to manipulation. Beginning with regrasping, a pivotal element of this thesis, the dis-

cussion proceeds to describe the main strategies employed for designing a placement

planner, a grasp planner, a handover planner, and, overall, constructing a functional

part recon�guration method, proposing classi�cations and brief description of the

di�erent approaches.

ˆ Chapter 3 : outlines the objectives and challenges addressed in this thesis, fol-

lowed by a presentation of the pipeline's o�ine section proposed and developed

for the purpose of gathering the requisite data to execute the online phase of the

method.

Initially, a placement planner is introduced to identify the stable placement of any

object.

Following this, a grasp generation algorithm is presented, capable of generating a set

of grasps along with their quality, derived from the object's model �le and gripper

information.

These generated grasps are then analyzed and matched with stable placements using

a collision-free feasibility criterion. Subsequently, a second association algorithm is

described and applied to pair the grasps with handover states, ensuring that during

regrasps, the robotic grippers do not collide with each other.
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ˆ Chapter 4 : presents the �nal online steps of the pipeline, essential for obtaining

the sequence of grasps and regrasps required to reorient the object. The results de-

rived from the o�ine phase are forwarded to this online section, wherein an inverse

kinematic �lter has been devised to select the most e�cient grasps for pick-up and

placement tasks. This process takes into account the selected initial and �nal poses

of the object.

The chapter concludes presenting the strategy and program used to identify the

regrasp sequence through the construction of a regrasp graph, along with the algo-

rithm applied to de�ne the shortest path.

Finally, an optimal handover state algorithm is expounded upon, whose objective

is to determine the optimal object handover poses for the regrasp tasks selected by

the graph searcher.

ˆ Chapter 5 : provides real cases application of the strategy presented in this work for

the manipulation of objects through some practical experimental validations. The

chapter starts proposing an overview of the hardware setup adopted and proceeds

showing the communication logic employed to control e�ectively the robot and to

transmit the desired regrasp sequence. In this demonstration, an experimental set-

up constituted by the Yumi IRB 14000 by ABB, a working table and di�erent objects

are exploited to complete a full object recon�guration.

ˆ Chapter 6 : Sums up the work proposed by this thesis showing the objective

achieved, in light, also, of the results provided by the experimental validation. This

chapter concludes presenting the strengths of the method and the possible improve-

ment that can be carried out in future, both hardware and software wise.
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2| State of the art

This chapter is dedicated to providing a comprehensive overview of the methodologies

employed and the challenges encountered in the current state of the art, related to object

manipulation using robotic systems. The primary focus is on bimanual robots, with a

detailed analysis of how individual authors approach various issues related to this topic.

The �rst section (2.1) will introduce the methodologies utilized for modeling dual-arm

systems when manipulating an object.

The discussion will then shift to the key studies addressing the fundamental components

necessary for the development of a comprehensive pipeline capable of executing object

recon�guration through the utilization of dual-arm robot capabilities (Section 2.2). Each

component will be systematically classi�ed, accompanied by a detailed description of the

elements closely related to the topic addressed in this thesis.
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2.1. Dual-arm robots

In this section, an overview of dual-arm robotic systems will be presented, with speci�c

emphasis on their functions as robotic manipulators. This discussion will include de�-

nitions, applications, classi�cations, as well as descriptions of relevant topics related to

object manipulation.

2.1.1. De�nition and classi�cations

When talking about dual-arm robots, some de�nitions and classi�cations can be provided

according to what is explained in the literature [42].

The term �dual arm manipulation� does not have a speci�c agreed-upon de�nition. A

�manipulation� of an object consists in a physical interaction between the robot and an

object, exerting forces on it in order to move or reshape it. However, �dual-arm� is not

trivial to de�ne. Many authors don't make distinction between multi-agent or multi-arm

systems, in fact, two dexterous �ngers mounted on the same hand may manipulate a small

object using the same principles as two separate manipulators that are moving a large

object. While there are �xed de�nitions for cooperative manipulation, making distinc-

tion between the cooperation of �ngers of the same hand, separate robots, and bimanual

grasping as presented in [54][41][14]. Nevertheless a possible classi�cation of bimanual

manipulations can be provided. Dual-arm robots can be classi�ed innon-coordinated

manipulation and coordinated manipulation.

ˆ non-coordinated manipulation: consists in two arms performing two di�erent tasks.

ˆ coordinated manipulation: consists in two arms performing di�erent parts of the

same task.

Coordinated manipulation is in turn divided into goal-coordinatedand bimanual manip-

ulation.

For goal-coordinated manipulation, the arms are not physically interacting with one an-

other, but both are solving the same task.

Bimanual manipulation is de�ned as robots physically interacting with the same object.

These last two de�nitions are perfectly in line with the scope of this thesis that consists in

the design of an algorithm for the recon�guration of an object with possible regrasping,

where the interaction of manipulators is fundamental to accomplish this task. The ma-

nipulation will be, in fact, characterized by situations in which a single arm interacts with
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the object, and other situations in which the two arms interact with each other during a

regrasp.

Non-coordinated manipulation regards a class of systems that consists of two separate

manipulators performing tasks independently of one another. As there is no explicit co-

ordination, there is no intrinsic di�erence to single-arm systems, and the analysis does

not need to di�er from single-arm setups.

The last two classes, instead, represents systems that require a signi�cant amount of

spatial and temporal coordination aspects that set them apart from single-manipulator

systems.

Concerning these last cases, dual-arm manipulation can be computed using a large va-

riety of robotic platforms, starting from systems built by simply placing two single-arm

manipulators to share the same workspace, up to the new generations of bimanual robots

constituted by one single platform composed by two arms. On this last class of robot,

lot of research and e�orts has been carried out in last years, fed by the potentialities and

advantages that these type robots could provide.

Figure 2.1: Some examples of dual-arm robots: A)Gripper with two articulated �ngers.

B)Yumi by ABB. C) Mobile Dual manipulator PR2. D) Dual-arm manipulator by Kuka.

E) Dual industrial manipulator SDA10.

To cite some examples of considerable importance, there are robots characterized by high

manipulation capability used in industrial manufacturing applications, such as Toyota
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Dual Arm robot, the Yaskawa Motoman SDA10D, the ABB Frida, the Korea Institute

of Machinery and Materials dual arm robot etc. Each one shaped like a �torso�. Speci�c

classes of torso-type robots have been built to perform tasks generally computed by hu-

mans like the one developed by Nasa (Robonaut) or CSA (Dexter) for accomplish task

in space, but characterized by limited mobility. Others put the emphasis on mobility,

for operation in human environments, like UMass, Ubot, Tohoku University Mr Helper,

Willow Garage PR2 etc.

Yet others place the emphasis on completely mimicking human appearance and structure,

like Honda Asimo. A special class consists of robots especially intended for teleoperation

work, where the appearance is not necessarily biomimetic, but the workspace is made to

match that of the human operator as closely as possible.

Among all the examples proposed, many of them are pure research platforms mainly

used for development and evaluation of basic technologies and principles, but other are

used for real practical applications. Considering domestic applications there are robots

used for folding laundry characterized by a vision system to detect folds and corners,

others are used for providing attendant care and kitchen support for the elderly.

The �eld that mostly make usage of this kind of robots is industry. There are several

industrial application like: part assembly (pre-programmed gearbox assembly has been

described in [51], [29] describes programming by demonstration for similar tasks, while

[9] describes the process of �nding robot con�gurations to grasp assembly parts during

a sequence of collaborative assembly operations), material reshaping (in [53], a dual arm

system is used to bend metal parts, and in [22], a dual arm system is used to fold cartons

into predetermined shapes), part disassembly ([3] investigates the bene�ts of integrating

a dual-arm collaborative robot system in a smart factory and in a industry 4.0 context

with particular focus on solving complex industrial disassembly tasks) and pick-and-place

([15] plans pick-and-place motion of an object by dual-arm manipulators).

There are also more speci�c applications like dual-arm crew-assisting robotic system for

space exploration missions, where the robot, characterized by four wheels and two robotic

arms, autonomously grasp objects using a vision and force-based control strategy.

2.1.2. Modeling for manipulation

There are di�erent research areas and vast literature that concern the modeling of system

to achieve grasping and manipulation of an object. The modeling of a robotic system

which consists of multiple cooperative manipulators employed to manipulate an object,

heavily depends on the type of the interaction between the end-e�ectors and the manip-
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ulated object. Two main categories of cooperative manipulator tasks can be identi�ed:

ˆ Cooperative robot manipulators holding an object with �xed grasp points: in this

case the object is assumed to be rigidly attached to both the manipulators i. e.

no relative motion can arise between the grasping points and the grasped object.

The same idea and de�nition can be applied to the single arm when it grasps the

object with its gripper. Grabbing the object with the two arms using a �xed grasp

imposes a bilateral contact constraint, but at the same time it enables a complete

interaction by transmitting every motion from the arms to the object. This kind of

model is appropriate for those kind of robot that have to perform a bimanual task.

Figure 2.2: Top view of dual arm setup manipulating a pan by means of �xed grasps.

ˆ Cooperative robot manipulators holding an object by means of contact points or con-

tact areas: in this case relative motion between the robot hands and the object is

possible by means of rolling or sliding motions. The contact point (contact area)

interaction imposes a selection on the force/motion components transmitted to the

object while contact constraints are unilateral. Unilateral constraints and point

(area) contacts are more suitable for the modeling of a robotic hand that uses two

�ngers to manipulate an object.
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Figure 2.3: Two soft �ngers manipulating an object.

These two categories are particularly important for modeling dual-arm robots because

the ideas and techniques developed for object manipulation with the �ngers of a hand

can be employed to solve problems in dual arm manipulation without rigid grasps and

vice versa. The combination of the two categories constitute the dual arm manipulation

problem with dexterous hands with non-rigid grasps.

As said, the contact model is fundamental. In fact, contact modeling de�nes the com-

ponents of the end-e�ector wrenches at the contact point which are going to reach the

object and thus the components of the velocity which are transmitted to the object.

There are three main types of contact models:frictionless point contact to model small

contact area, allowing the slippage between the robot end-e�ector and the object,fric-

tional point contact or hard �nger model when tangential frictional forces are transmitted

and Soft contact or soft �nger modelwhen the end-e�ector material is soft enough and

thus capable of producing signi�cant contact areas exerting frictional torques around the

contact normal.

The types of contacts described above do not a�ect modeling of dual arm manipula-

tion with �xed grasps but it is important for cooperative manipulation in cases where the

end-e�ector cannot achieve a �xed grasp.

Exploiting contact models it is possible to de�ne the constraints that characterize the

manipulation task.

A case study close to the work proposed by this thesis is the one that model �ngertips ma-

nipulating an object using the Coloumb law [28]. They describe the tangential frictional

force as a force proportional to the pressing forces (force times the contact area). The
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friction coe�cient determines the cone of friction and is subsequently directly involved

in the slippage detection condition. These forces are fundamental for the de�nition of

a quality measure of the grasp, through which the grasps can be classi�ed selecting the

ones that provide more stability against gravitational and inertia forces. This theory is

particularly relevant on the case of dual arm manipulation using contact points or con-

tact areas, which leads to the de�nition of force and form closure properties related to

the grasps. This concept is treated in Section 2.2.2, where the state of the art of grasp

planner is presented.
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2.2. Manipulation components

This section will explore how, in literature, the fundamental components and planners

essential for designing an e�ective manipulation strategy capable of accurately reorienting

an object from an initial pose to a desired �nal position are addressed, exploiting dual-arm

systems.

2.2.1. Placement planner

Placement planneris an instrument capable to �nd and analyze the stable placements of

an object, indicated by all the states of a object that guarantee stability when it is placed

on a surface in the environment.

In literature there are di�erent methods that can be applied to �nd all the stable place-

ments of an object. In this section, the techniques used to de�ne stable placements on �at

surfaces such as tables are analyzed. However, it is noteworthy that within the existing

body of research, there are studies exploring the generation of stable poses on non-�at and

intricate supports. Within the realm of �at surface-based methods, the ones addressed

in this project can be categorized into three distinct sets, each rooted in geometrical or

energy-based considerations and analysis:

ˆ Approaches relying solely on the clustering of polygonal models of both the object

and the environment.

ˆ Methods based on the computation of the kinetic energy with a simulator.

ˆ Methods based on the computation of the convex hull.

The analysis will focus mainly on the third strategy being also the one used as base for

the placement planner proposed by this project (Section 3.2), however a brief description

will be reported for the other two methods too.

Additionally, there exist strategies based on machine learning; however, these are not

explored in this context due to the considerably lower complexity level required for this

project.

Clustering of polygons

The �rst method is well described in [16], where fundamental assumptions are considered,

including the representation of known objects and environments using polygons. This

approach aligns with the core concept of delineating planar regions on arbitrarily shaped

polygonal models. There are di�erent ways to de�ne planar areas, but this strategy uses
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a set of clusters for the polygon model, knowing that, without using the convex hull of

the object, it's di�cult for multiple points on the surface of the object to simultaneously

contact the environment.

Figure 2.4: Clusters of the object models.

The method is organized in two main sections: ano�ine surface clustering and anonline

searching of the object pose. In the o�ine phase planar clusters on both the object and

environment are found by clustering the polygon model, assigning then to each cluster

property like:

ˆ ContactingCluster- used to select candidates of planar areas of both the object and

the environment surfaces possibly making contact with each other.

ˆ Convexity- calculated by comparing the direction of the normal vectors with the

neighboring clusters, it de�nes the convexity property of the cluster and is used for

run-time e�ciency of the online phase.

The online phase consists in a searching method of the object pose. First, to check

whether or not a planar cluster of an object can enter in contact with a planar cluster of

an environment, two tests are executed running two di�erent algorithms:

ˆ Convexity Test- by checking the convexity and concavity relation between the ob-

ject and the environment, the convexity test classi�es the state of the contact and

considers reducing the number of candidate clusters where the collision is checked

between the object and the environment, selecting the pair of clusters that can

maintain contact.
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Figure 2.5: Classi�cation of contact states between the object and the environment, based

on the convexity parameter.

ˆ Contact test- checks collision between the object and the environment for given

position and orientation of the object placed on the environment and con�rms if

that contact can be established with a certain accuracy
 , de�ning the common �t

plane of the clusters.

Figure 2.6: A visual representation of the contact test algorithm.

For the object poses that are found to have established the contact, a �nal test is applied

to determine whether or not the object maintain gravitational equilibrium, by checking
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if the vertical line including the centre of gravity of an object passes through the support

polygon.

Kinetic energy computation

Jiayao, Wanin et. al. in [24], shows how e�cient their strategy can be when dealing with

non planar surfaces and auxiliary complex �xtures, beyond �at surfaces. The main draw-

back is the complex set-up this method needs in order to work. A Dynamic simulations

of the physical model is required to evaluate the object interaction with the environment

and to compute the stable placements.

In order to have a dynamic simulation as realistic as possible, the method uses a Bullet

software (a physics engine which simulates collision detection as well as soft and rigid body

dynamics) composed by:an environment setting, a drop action, a condition to determine

whether the pose of the object is stable and a database to save all the stable placements.

Environment setting: using a collision response program it is possible to detect mesh-to-

mesh collisions of the models present in the environment, assigning to all the parameters

of objects and structures real world values.

Drop Action : a series of experiments are performed to obtain the stable states on dif-

ferent simple and complex structures, positioning the objects at random poses, but with

speci�c distances depending on the particular structure taken into consideration, in order

to reach stable states quickly and, at the same time maintain variety avoiding possible

repetitions of the results.

Condition to determine stable poses: the condition to determine whether an object pose

is stable or not is based on the changes of energy. The proposition on which this strategy

is built is the following:

Proposition 2.1. A pose of an object on a structure is stable if the kinetic energy asso-

ciated to the object is constant.

Of course, a bit of approximation can be taken into consideration, �xing a threshold value

� for the maximum variation that the kinetic energy can undergo without consider the

pose unstable.

Pose Database: The last steps consists in save the stable placement in a database for

future reuses.
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Figure 2.7: Drop of di�erent objects in the simulator. (a-1)�(c-1) Initial pose where we

drop the objects. (a-2)�(c-2) Stable poses. In this �gure are shown experiment performed

in complex structure, but the same experiments can be computed also on more simple

supporting supporting systems like �at surfaces.

Computation of the convex hull

The strategy deemed most suitable for this project, considering the simplicity and e�ec-

tiveness within the speci�ed assumptions about objects and the environment, involves

computing the object's convex hull. The manipulation of a part using a bimanual manip-

ulator is characterized by just two stable placements, the initial one, before being grasped,

and the �nal one, when the object is replaced down on the �at working table. This ca-

pability is facilitated by the ability to utilize both arms and execute regrasps without

necessitating the placement of the object on the table at intermediate stages.

To achieve this objective, there is no need to employ excessively advanced algorithms

for generating stable object poses, especially on intricate and non-�at surfaces. Con-

sequently, the chosen method for generating stable placements is based on convex hull

computation. This approach was selected to maintain simplicity and minimize computa-

tional load, aligning with the goal of keeping the method straightforward while ensuring

feasible stable placements.

In geometry, the convex hull or convex envelope or convex closure of a shape is the small-

est convex set that contains it. The convex hull may be de�ned either as the intersection

of all convex sets containing a given subset of a Euclidean space, or equivalently as the set

of all convex combinations of points in the subset. The same de�nition can be applied to

both 3D objects and 2D shapes, with the 3D convex hull computation being much more

demanding than its 2D counterpart.
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