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Chapter 1

Introduction

Grasping is a crucial topic in robotics research. Robots capable of performing
grasping tasks are required in industrial application as well as in daily life
tasks. Nevertheless, most of the grippers available on the market are usually
difficult to adapt to different grasping operations or to the grasping of objects
with dissimilar size. Some of these problems are approached using robotic
hands, which are however, still very expensive and difficult to control. These
are the motivation that lead us to investigate on alternative solutions for
grasping. In our opinion, modular robotics is one of the most promising
solutions.

As the name suggests, modular robots are composed of multiple build-
ing blocks, called modules. They are linked together allowing the transfer
of mechanical forces and moments, electrical power and what is needed for
the communication throughout the robot. Usually, a modular robot consists
of some primary structure with the possibility to add specialized units like
grippers, feet, wheels etc.. Studies and realizations of this devices are quite
recent, CEBOT [1], was developed on 1988 and later on, thanks to minia-
turization of motors and of sensors, several models have been built like, for
example, Polipod [2](1993), ATRON [3](2003), M-TRAN [4] (2002) shown in
Fig.1.1 and GZ-I [5] System (2008).



Figure 1.1: M-TRAN III: an example of modular robot

Lots of studies on replicating, existing in nature, gaits and on self recon-
figurable systems have been made using this kind of robots, especially in a
snake-like configuration. Snake-like grasping capabilities have been investi-
gated by Salvietti et al. in [6]. In this work, a task priority based approach
is presented in order to manage grasping and locomotion functions starting
from the hyper redundant manipulator theory. An example of grasping mode

with locomotion capability is shown in Fig.1.2.

Figure 1.2: A grasping mode with locomotion capability



To the best of our knowledge, few works have been done on the possibility
of developing a modular gripper.

In this Thesis, we focus on the advantages obtained by a modular robotic
grasping design. In fact, a modular construction permits to overcome some
of the problems mentioned above by introducing a possible task-oriented,
object-oriented or hand-oriented design of the gripper. The modular approach
allow also us to find a trade off between a simple gripper and a more complex

human like manipulator. This idea is shown in Fig.1.3.

Figure 1.3: The modular grasping idea: thanks to its flexibility our device can
reproduce both a simple gripper and a more sophisticated kinematics like an

anthropomorphic robotic hand.

We investigate the possibility of developing a modular robotic gripper
that allows for easy adaptation to different requirements and situations. In
other words, we define the guidelines for creating a device capable of adapting
its structure and functionality to the characteristics of an object or a set of
objects to be grasped. An algorithm capable of determining efficient modular
gripper configurations to get a stable grasp of given objects was developed.
It consists of an iterative procedure that consents to design the structure of
the gripper. Starting from a simple configuration, the target is to reach a

prefixed grasp quality using the minimum number of modules. During the



design procedure, the grasp capability of the device is improved adding the
necessary modules and fingers and adjusting its base configuration. The pos-
sibility of dealing with several objects, set of objects and the easy and fast
reconfiguration of the gripper structure was considered.

Furthermore, we built two of the grippers that we obtained using the
design algorithm. For our preliminary tests, a simple 1-DOF module was
chosen, inspired by the one described in [7]. This low-cost and easy to con-
trol module was adopted as the base element for the design of our modular
gripper.

Finally, we explored different control procedures for the gripper. Despite
the simplicity of a modular manipulator model, with the increase in the
number of its fingers and modules, it becomes rival to the human hand in
complexity. A possible solution to this problem could be to draw inspiration
from the human hand not only with regard to size and configuration, but
rather as regards to the control. Recent advances in neuroscience research
have shown that control of the human hand during grasping is dominated
by movement in a configuration space of highly reduced dimensionality. Such
configuration space is known as postural synergies and its main components
are referred as eigengrasps. In order to explore this approach, we decided to
use the two dominant human eigengrasps in order to control one of the gripper
obtained using our design algorithm. For this manipulator we defined the
eigengrasps drawing inspiration from the human hand and we also performed
some simple grasps.

This work is organized as follows. In Chapter 2 a brief description of mod-
ular robots with greater emphasis on the previous research on the modular
gripper design problem, is given. In Chapter 3 an introduction to the grasp-
ing problem is given, describing in particular fundamental models of grasp
analysis. Moreover the concept of safe grasping is investigated and a possible

controller inspired by human method of grasping is discussed [8].In Chapter



4 the innovation brought out by main contribution of this work is presented.
Our object-oriented algorithm is introduced. It allows to determine effec-
tive manipulator configurations to obtain stable grasps of given objects. In
Chapter 5 we expose simulations and results obtained using our iterative
algorithm. In Chapter 6 we investigate the possibility of using the two dom-
inant human eigengrasps in order to control the modular manipulator. In
Chapter 7, conclusion and future work are outlined.

As last, in Appendix, source codes and a paper submitted to the IEEE/RSJ
International Conference on Intelligent Robots and Systems (“IROS 20117)

are shown.



Chapter 2

Modular Robots and Grippers

The field of modular self-reconfigurable robotic systems addresses the design, fab-
rication, motion planning, and control of autonomous kinematic machines with
variable morphology. Over the last two decades, the field of modular robotics has
advanced from proof-of-concept systems to elaborate physical implementations
and simulations. However, only few works have been done on the possibility of
developing a modular gripper.

The goal of this chapter is to outline some of this progress with greater emphasis

on those relating to the modular gripper design.

2.1 Definition

A modular robotic system consists of several modular links and modular joints
with standardized connecting interfaces. It can be easily assembled and disas-
sembled, so it can accomplish a larger number of classes of tasks through the
reconfiguration of a small inventory of modules [9].

Modular robots are usually composed [10] of multiple building blocks of a rela-
tively small repertoire, with uniform docking interfaces that allow for the transfer
of mechanical forces and moments, electrical power and communication throughout

the robot. The modular building blocks usually consist of some primary structural
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actuated units, and potentially additional specialized units such as grippers, feet,

wheels, cameras, payload and energy storage and generation.

2.2 Motivation and inspiration

There are many advantages and motivations in designing and developing modular

robotic systems.

e Functional advantage: Self reconfiguring robotic systems are potentially more
robust and more adaptive than conventional systems. The reconfiguration
ability allows a robot or a group of robots to disassemble and reassemble
machines to form new morphologies that are better suitable for new tasks,
such as changing from a legged robot to a snake robot and then to a rolling
robot. Since robot parts are interchangeable (within a robot and between dif-
ferent robots), machines can also replace faulty parts autonomously, leading

to self-repair.

e Economic advantage: Self reconfiguring robotic systems can potentially lower
overall robot cost by making a range of complex machines out of a single (or

relatively few) types of mass-produced modules.

The quest for self-reconfiguring robotic structures is to some extent inspired
by envisioned applications such as long-term space missions, that require
long-term self-sustaining robotic ecology that can handle unforeseen situa-
tions and may require self repair. A second source of inspiration are biological
systems that are self-constructed out of a relatively small repertoire of lower-
level building blocks (cells or amino acids, depending on scale of interest).
This architecture underlies the ability to physically adapt, grow, heal, and
even self replicate capabilities that would be desirable in many engineered

Systems.
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2.3 Previous Research on Modular Robots

2.3.1 Modular Robots

Modularity in robotics is a quite new concept. To the best of our knowledge,
few works have been done on the possibility of developing a modular gripper. Some
initial studies are related to the self-reconfigurable robots literature [11]: a cellular
robot capable of adapting its shape and functions to changing environments and
demands by rearranging its mutual mechanical connection. In [12], the authors
proposed an algorithm for grasping objects with a self-reconfigurable system. Al-
though the idea that a modular gripper can handle objects of unknown shape and
size was pointed out, the work reported preliminary results still far away from
their real implementation.

In [13] Yu and Nagpal presented a generalized distributed consensus framework
for self-adaptation tasks in modular robotics. They demonstrated that a variety of
modular robotic systems and tasks can be formulated within such a framework. An
adaptive column that can respond to external forces, a modular tetrahedral robot
that can move towards a light source, and a modular gripper that can wrap around
fragile objects have been presented. The decentralized control used is based on the
sharing of information about pressure given by sensors included in each module.
This solution is not applicable when, for instance, a fingertip manipulation is
required. Furthermore investigation on grasp stability is missed by the authors.

As well as the self-reconfigurable framework, the creation of modular grippers
has been used in rapid prototyping and part holding problems. In [14] the design
and techniques for part insertion into a non-assembly, multi-articulated, dexter-
ous finger prototype built with stereo-lithography are presented. This solution
makes possible a rapid development of robotic systems that have all the neces-
sary components inserted, with no assembly required, and ready to work when the
manufacturing process is complete. However, the actuation and control of such a
device is still an open problem. Alternatively, Brown and Brost presented in [15], a

modular vise which is a parallel-jaw vise, with a regular grid of precisely positioned
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holes on each jaw. Parts are held by placing pins in the holes so that when the vise
is closed, the parts are reliably located and completely constrained. Even though
the modular vise concept can be adapted to the design of modular parallel-jaw
grippers for robots, no application to dexterous manipulation can be applied.

A general classification [16] of the different configurations of modular robots is
essential for the study of their properties, but is difficult to realize because of the
exponential growth of robot type and configuration of the modules.

Firstly we group the modular robots according to their locomotion capability.
The first group features active modules which comprise several identical modules
that can move autonomously. Each one is an entire robot system that can per-
form distributed activities. Meanwhile, all of them can interconnect by specially
designed docking joints which enable the adjacent modules to adopt optimized con-
figurations to negotiate difficult terrain or split into several small units to perform
tasks simultaneously.

A sub-classification of this kind of modular robots according to their kinemat-
ics modes includes wheeled and chain-track vehicles; those are relatively portable
thank to their high adaptability to unstructured environments. The application
of powered tracks to field robots enhances their configurations and improves their

adaptability to environments.

Figure 2.1: The serpentine robot Souryu-II

A serpentine robot (Fig.2.1) from Takayama and Hirose consists of three seg-
ments; each one is driven by a pair of tracks, but all tracks are powered simul-

taneously by a single motor located in the center segment. The special ability of
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adapting to irregular terrain is passive and provided by springs. The OmniTread
[17](Fig.2.2) serpentine robot for industrial inspection and surveillance was devel-
oped by Grzegorz Granosik. Optimal active joints actuated by pneumatic cylinder
make the robot strong and flexible. Even if this prototype is quite adaptable, it is
obstructed by a tube for pressurized air and cables for control signals connected

to the supporting system.

Figure 2.2: The serpentine robot OmniTread

Another robot KOHGA [18] (Fig.2.3) has recently been developed for rescue
purposes by I.LR.S.I. (International Rescue System Institute) in Japan; it consists
of serially interconnected individual units with two tracks except the first and the

last modules.

[

Figure 2.3: The robot KOHGA

Another group of reconfigurable modular robots features passive modules. The
robotic system comprises several identical modules without any locomotion capa-
bility. It can only move after the modules have been assembled. New configurations

can be achieved very fast and easily using this kind of mechanical modules. The

10
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robot used in this work belongs to this group. Some researchers established a clas-
sification of this kind of modular robots: lattice and chain robot. The former type
arranges modules to form a grid, just like atoms forming complex 3D molecules
or solids. One of the promise of this kind of robots is the possibility of building
solid objects, such as cups of chairs, and then rearranging the atoms to form other

solids. The latter structures are composed of chains of modules.

Figure 2.4: An example of chain-robot

Chain-robots (Fig.2.4) are suitable for locomotion and manipulation since the
modular chains are like legs or arms. It is possible to classified 1D, 2D and 3D chain
robots, according to their topology. 1D-chain robots are like snakes, worms, legs,
arms or cords. They can change their body to adopt different shapes; moreover they
are suitable for passing through tubes, grasping object and moving in rough terrain.
However, the pitch connecting robots can only move forward and backward. Their
movements can be generated by means of waves that travel through the body of
the robot from the tail to the head. M-TRAN and Yamour are similar prototypes
that can only connect in a pitch-pitch way.

Another part of chain-module robot features yaw-connections. All the joints
rotate around the yaw axes. In order to get propelled, these robot creep along a
given curve path, but the body should slip in the tangential direction without any
sliding in the direction normal to the body axis. A lot of research has been done
on this kind of robots. Yaw-connecting robots were first studied by Hirose [19]
who developed the Active Cord Mechanism (ACM). Other groups have developed
yaw-connecting robot; we cite the SES-2 [20], WormBot [21] and the swimming
Amphibot IT [22] (Fig.2.5).

11
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Figure 2.5: The swimming robot Amphibot-II

2.3.2 TAMS Group and SIRSLab: Works on Modular
Robots

In 2004, our international group, composed by TAMS (Technical Aspects of
Multimodal Systems, University of Hamburg) and SIRSLab (Siena Robotics and
Systems Lab), began to work on low-cost passive modular robots. The Y1 modular
robot with one DOF was designed as the first prototype. Based on the Y1, the
following project of 2006 was aimed at developing a real low-cost, robust, fast-
prototyping modular robot with an on board controller, sensors and a friendly,
easy-to-use programming environment for testing and evaluating inspired technol-
ogy [23].

We then focused our efforts on using modular robots to perform object manip-
ulation. We started by considering a simple hyper-redundant manipulator. Con-
sequently, we investigated the possibility of developing a novel modular grasping
approach that combines manipulation capability and locomotion mobility to im-
plement possible tasks. We proposed a snake-like configuration and we introduced
a task priority approach to manage both grasping and locomotion capabilities [24].
Even if we outlined several robot configurations that lead toward stable grasping,
the characteristics of snake-like robots are more suitable for Search and Rescue

missions than for the manipulation of objects in industrial scenarios.

12
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2.3.3 Modular Robot Design

There are many studies on kinematics, dynamic, and control design of modular
robots.

Paredis and Khosla [25, 26] described a general flow chart of a selection program
for modular robots, which covers three phases: kinematics, dynamics, and sensor-
based control. Furthermore, in their scheme, kinematics design played a dominant
role in the sense that the other two phases contribute to modification of the result
derived from the kinematics design. Such a design procedure is called a sequential
design procedure. Matsumaru [27] presented another kind of sequential design pro-
cedure for his reconfigurable modular manipulator system. Cohen [28] and Hooper
and Tesar [29] also used this method for synthesizing a modular robotic configu-
ration. Fryer, McKee, and Schenker [30] proposed that an object-oriented concept
could provide a useful tool for verifying the configuration of modular robotics sys-
tems, and they modeled robot resources and considered how the models could be
adapted through the introduction of semantic annotations to accommodate the
configuration process. All these works try to achieve the system flexibility by ad-
justing parameters in one module or selecting an alternative module for a different
parameter.

Chen and Burdick [31] presented an approach to task optimal modular robot
assembly configuration. Philosophically, their work was built upon the concept of
traditional mechanism type synthesis, where the joints actually make no physical
sense, so their work try to achieve the system flexibility by varying different con-
figurations where the selection of types of modules and their connections is of a
concern.

Fukuda and Kawauchi [32] proposed a synthesis approach for their CEBOT
systems. Their approach assumed that each module had the same length and
they considered only the reachability of working points with a robot hand as
a performance index. Chen and Burdick [33] Han et al., [34] and Chocron and
Bidaud [35] employed genetic algorithms (GA) for task-oriented design of modular

robots, but considered only kinematics synthesis.

13
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Bi and Zhang presented an optimization design methodology called concur-
rent optimization design method (CODM) [9]. A modular robot is taken as a case
study. The CODM differs from the precedent methods for modular robot configu-
ration design in the sense that traditional type synthesis and dimensional synthesis
can be trated once. This mathematically implies that (i) variables are defined for
both types and dimensions, and (ii) all the variables are defined in one optimiza-
tion problem formulation. A genetic algorithm is used to solve for this complex
optimization model which contains both discrete and continuous variables.

In short, previous works in this research field implied that synthesis for robots
with nonmodular architecture does not differ from synthesis for robots with modu-
lar architecture. The approach proposed in our work goes away from this thought.
It is an iterative procedure that is based on the flexibility offered by modular
robotics.

Our algorithm involves all the three levels of modular robot architecture:
e Module-level;

e Assembly-level;

e Configuration-level.

The algorithm is outlined in detail in Chapter 4.

14



Chapter 3
Grasping

This chapter introduces fundamental models of grasp analysis. The overall model
is a coupling of models that define contact behavior with widely used models of
rigid body kinematics and dynamics. The contact model essentially boils down to
the selection of components of contact forces and moments that are transmitted

through each contact.

3.1 Model and Definition

A mathematical model of grasping [36] must be capable of predicting the behav-
ior of the hand and object under various loading conditions that may arise during
grasping. Generally, the most desirable behavior is grasp maintenance in the face
of unknown disturbing forces and moments applied to the object. Typically these
disturbances arise from inertia force which become appreciable during high-speed
manipulation or applied forces such as those due to gravity. Grasp maintenance
means that the contact forces applied by the hand are such that they prevent
contact separation and unwanted contact sliding. The special class of grasps that
can be maintained for every possible disturbing load is known as closure grasps.
Fig.3.1 shows the Salisbury Hand [37], executing a closure grasp of an object by

wrapping its fingers around it and pressing it against its palm.

15
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Figure 3.1: The Salisbury hand grasping an object

Fig.3.2 illustrates some of the main quantities that will be used to model grasp-
ing systems. Assume that the links of the hand and of the object are rigid and
that there is a unique, well-defined tangent plane at each contact point. Let {IN'}
represent a conveniently chosen inertial frame fixed in the workspace. The frame
{B} is fixed to the object with its origin defined relative to {IN} by the vector
p € R where 3 denotes three-dimensional Euclidean space. A convenient choice
for p is the center of mass of the object. The position of the contact point ¢ in {IN}
is defined by the vector ¢; € R3. At contact point i, we define a frame {C};, with
axes {ﬁi,f:i,()i}. The unit vector n; contains ¢; is normal to the contact tangent
plane and is directed toward the object. The other two unit vectors are orthogonal

and lie in the tangent plane of the contact.

Let the joints be numbered from 1 to n,. Denote by q = [ql...qnq]T € R™ the
vector of joint displacement, where the superscript 7 indicates matrix transposi-
tion. Also, let 7 = [Tl...an]T € R™ represent joint loads (forces in prismatic joints
and torque in revolute joints). These loads can result from actuator actions, other
applied forces, and inertia forces. They could also arise from contacts between the
object and hand. However, it will be convenient to separate joint loads into two

components: those arising form contacts and those arising from all other sources.

16
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Figure 3.2: Main quantities for grasp analysis

Throughout this chapter, non-contact loads will be denoted by 7.

Let u € ™ denote the vector describing the position and orientation of {B}
relative to {IN}. For planar systems n, = 3. For spatial systems, n,, is three plus
the number of parameter used to represent orientation, typically three for Euler
angle and four for quaternion. Denote by v = [VTwT]T € R™ the twist of object
described in {N}. It is composed of the translational velocity v € 3 of the point
p and the angular velocity w € R? of the object, both expressed in {N}. A twist
of a rigid body can be referred to any convenient frame fixed to the body. The
components of the referred twist represent the velocity of the origin of the new
frame and the angular velocity of the body, both expressed in the new frame. Note
that for planar systems, v € 2 and w € R, and so n, = 3.

Another important point in that u # v. Instead, these variables are related by

the matrix V as:

u= Vv, (3.1)

where the matrix V € #™X™ is not generally square but nonetheless satisfies
viv =1 [38], I is the identity matrix, and the dot over the u implies differentiation
with respect to time. Note that, for planar systems, V =1 € R3*3,

Let f € #2 be the force applied to the object at the point p and let m € R3 be
the applied moment. These are combined into the object load, or wrench, vector

denoted by g = [meT]T € R, where fand m are expressed in {IN}. Like twists,

17



3.2. VELOCITY KINEMATICS 18

wrenches can be referred to any convenient frame fixed to the body. One can think
of this as translating the line of application of the force until it contains the origin
of the new frame, then adjusting the moment component of the wrench to offset
the moment induced by moving the line of the force. Last, the force and adjusted
moment are expressed in the new frame. As done with the joint loads, the object
wrench will be partitioned into two main parts: contact and non-contact wrenches.

Throughout this chapter, g will denote the non-contact wrenches on the object.

3.2 Velocity Kinematics

The material in this chapter is valid for a wide range of robot hands and other
grasping mechanisms like our modular robot. The hand is assumed to be composed
of a palm that serves as the common base for any number of fingers, each with
any number of joints. Any number of contacts may occur between any link and

the object.

3.2.1 Grasp Matrix and Hand Jacobian

Two matrices are of the utmost importance in grasp analysis: the grasp matrix
G and the hand Jacobian J. These matrices define the relevant velocity kinematics
and force transmission properties of the contacts. The following derivations of G
and J will be done under the assumption that the system is three-dimensional.

Each contact should be considered as two coincident points; one on the hand
and one on the object. The Hand Jacobian maps the joint velocities to the twists
of the hand to the contact frames, while the transpose of the Grasp Matrix refers
the object twist to the contact frames. Finger joint motions induce a rigid-body
motion in each link of the hand. Thus these matrices can be derived from the
transforms that change the reference frame of a twist.

To derive the grasp matrix, let wé\gj denote the angular velocity of the object

N

iobj» also expressed in {N}, denote the velocity of the

expressed in {IN} and let v

18
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point on the object coincident with the origin of {C;}. These velocities can be

obtained from the object twist referred to {N} as:

N

Viehi ) = PTy (3.2)
wobj
where
I 0
P; = 33 (3.3)

S(ci—p) Iixs
I35 € 33 is the identity matrix, and S(¢; — p) is the cross-product matrix, that

is, given a three vector r = [rzryrZ]T, S(r)is defined as:

0 —r, 1y
S(T) = Tz 0 —Tz
—Ty Tz 0

The object twist referred to { C'}; is simply the vector on the left-hand side of
(3.2) expressed in {C'};. Let R; = [ﬁiﬂ-éi] € R3*3 represent the orientation of the
i-th contact frame { C'}; with respect to the inertial frame. Then the object twist

referred to { C'}; is given as:

N

_ vy
Viobj = RiT Z’;b] (3.4)
wobj
_ ) R, O 66
where R; =Blockdiag(R;, R;) = eR
0 R;

Substituting P v from (3.2) yields the partial grasp matrix GZT € RN6x6_ which
maps the object twist from {N} to {C};:

- T
Viohj = G; v (3.5)

where
. PT (3.6)
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3.2. VELOCITY KINEMATICS 20

The hand Jacobian can be derived similarly. Let w%md be the angular velocity
of the link of the hand touching the object at contact i, expressed in {N} and
define Vthnd as the translational velocity of contact ¢ on the hand, expressed in
{N}. These velocities are related to the joint velocities through the matrix Z;

whose columns are the Pliicker coordinates of the axes of the joints [39]. We have:

vV
nt | = Zig (3.7)
Wi hnd
where Z,; € R6%" ig defined as:
g [ B i, .
lipn . b,

with the vectors §; j,d; j € R defined as:

03,1 if contact ¢ does not affect joint j,
d;; = %;if joint j is prismatic,

S(c; — Cj)Tij if 7 is revolute

03,1 if contact 7 does not affect joint 7,
l; j = { 03, if joint j is prismatic,
z; if j is revolute
where ¢; is the origin of the coordinate frame associated with the j-th joint and
the 2; is the unit vector in the direction of the z-axis in the same frame, as shown
in Fig.3.3.

Both vectors are expressed in {IN}. These frames may be assigned by any
convenient method, for example, the Denavit-Hartenberg method. The 2;-axis is
the rotational axis for revolute joints and the direction of translational for prismatic
joints.

The final step in referring the twist to the contact frames is to change the

: N N .
frame of expression of v}, ; and w;3,,., to {C}i:

N
_ v
i,hnd
Vihnd = Ri N (3.9)
Wi hnd
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Figure 3.3: A sphere grasped by a two-fingers hand with 5 revolute joints

Combining (3.9) and (3.7) yields the partial hand Jacobian J; € R6*™e, which

relates the joint velocities to the contact twists on the hand:
Vinna = Jiq (3.10)
where

Ji=R;Z, (3.11)

To compact notation, stack all the twists of the hand and object into the

vectors Ve hnd € RO7 and Veobj € RO7e as follows:

Veg = (ufg...u§c7§),§ = {obj, hnd}

Now the complete! grasp matriz G € R6%6" and the complete hand Jacobian

J € R01x6nq pelate the various velocity quantities as
- T
Viobj = G v (312)

Vinnd = J q (3.13)

!The term complete is used to emphasize that all the 6n, twist component at the

contacts are included in the mapping.
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where .
Gl J]_
~T . = .
G e : 5 J — : (314)
eH J.

Ne

3.2.2 Contact Modeling

The three models of greatest interest in grasp analysis are known as point-
contact-without-friction, hard-finger and soft-finger [37]. These models select com-
ponents of the contact twists to transmit between the hand and the object. This
is done by equating a subset of the components of the hand and object twist at
each contact. The corresponding components of the contact force and moment are
also equated, but without regard for the constraints imposed by a friction model.

The point-contact-without-friction (PwoF) model is used when the contact
patch is very small and the surfaces of the hand and object are slippery. With
this model, only the normal component of the translational velocity of the contact
point on the hand (i.e., the first component of v; ,4) is transmitted to the object.
The two components of tangential velocity and the three components of angular
velocity are not transmitted. Analogously, the normal component of the contact
force is transmitted, but the frictional forces and moments are assumed to be
negligible.

A hard finger (HF) model is used when there is significant contact friction, but
the contact patch is small, so that no appreciable friction moment exists. When
this model is applied to a contact, all three translational velocity components of
the contact point on the hand (i.e., the first three components of v; p,q) and all
three components of the contact force are transmitted through the contact. None
of the angular velocity components or moment components are transmitted.

The soft finger (SF) model is used in situations in which the surface friction
and the contact patch are large enough to generate significant friction forces and

a friction moment about the contact normal. At a contact where this model is
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enforced, the three translational velocity components of the contact on the hand
and the angular velocity component about the contact normal are transmitted (i.e.,
the first four components of v; p,,4). Similarly, all three components of contact force
and the normal component of the contact moment are transmitted.
To develop the PwoF, HF, and SF models, define the relative twist at contact
1 as:
=T

~ q
Ji G;) = Vi hnd — Vi obj-
1 %4

A particular contact model is defined through the matrix H; € R%*% which

select [; components of the relative contact twist and sets them to zero:
H (v hnd — Viopj) = 0.

These components are referred to as transmitted degrees of freedom (DOF). Define
H,; as:
H; 0
Hi=| " (3.15)
0 H;)y
where H;r and H;j; are the translational and rotational component selection

matrices, respectively. Table 3.1 gives the definition of the selection matrices for

Model | ; | H; ¢ H,;
PwoF | 1| (100) | vacuous
HF 3 | I3x3 vacuous
SF 4| Isxs (100)

Table 3.1: Selection matrices for three contact models

the three contact models, where vacuous means that the corresponding block row
matrix in (3.15) is void (i.e. it has zero rows and columns). Notice that, for the SF
model, H; js selects rotation about the contact normal.

After choosing a transmission model for each contact, the contact constraint

equations for all n. contacts can be written in compact form as:
H (v hna — Viopj) =0, (3.16)
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where

H = Blockdiagonal(H;, ..., H,,) € R0,

and the number of twist components [ transmitted through the contacts is given

by =" 1.
Finally, by substituting (3.12) and (3.13) into (3.16) one obtains:

d, éH [ *]=o (3.17)
v
where the grasp matrix and the hand Jacobian are
G' = HG RS,

J = HJ e R (3.18)

It is worth noting that (3.17) can be written in the following form:
Jq = Vc¢e,hnd = Vee,obj = GTV’ (319)

where Ve hng and v, op; contain only the components of the twists that are trans-
mitted by the contacts. Note that this equation implies that grasp maintenance
is defined as the situation in which all these equations are maintained over time.
Thus, when a contact is friction-less, contact maintenance implies continued con-
tact, but sliding is allowed. However, when a contact is of the type HF, contact
maintenance implies sticking contact, since sliding would violate the HF model.
Similarly, for a SF contact, there may be no sliding or relative rotation about the

contact normal.

3.3 Dynamics and Equilibrium

Dynamic equations of the system can be written as:

Mhnd(Q)q + bhnd(Q7 Q) + JT)‘ = Tapp
M opj (W) + bopj(u,v) — GX = g,

subject to constraint (3.17) (3.20)
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where M p,q(-) and M y;(-) are symmetric positive definite inertia matrices and
brna(:,-) and by (-, -) are the velocity product terms, g, is the force and moment
applied to the object by gravity and the other external source, Ty, is the vector of
external loads and actuator actions, and the vector G\ is the total wrench applied
to the object by the hand. The vector A\ contains the contact force and moment
components transmitted through the contacts and expressed in the contact frames.
Specifically A = [AlT e )\ZC]T, where X\; = H ;[ fin fit fiominmimio)T . The subscript
indicate the normal (n) and the two tangent (t,0) components of the contact force
f and the moment m. For an SF, HF, or PwoF contact, A; is defined as in Table
3.2. Finally, it is worth noting that G;\; = éZH iN\; is the wrench applied through
contact 4, where G; and H; are defined in (3.6) and (3.15). The vector A; is known

as the wrench intensity vector for contact i.

Model | \;

PwoF | (fin)

HF (finfirfio)"

SF (finfit Fiomin)™

Table 3.2: Wrench intensity vector, transmitted through contact

Equation (3.20) represent the dynamics of the hand and object without regard
for the kinematics constraints imposed by the contact models. Enforcing them, the

dynamic model of the system can be written as:

Jr T
A= (3.21)

subject to J§ = GTv = v, where

T = Tapp — Mhnd(q)q - bhnd(qv q)
9 = Gapp— Mopj(u)v + bopi(u,v) (3.22)
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One should notice that the dynamic equations are closely related to the kine-
matics model in (3.17). Specifically, just as J and G transmit only selected com-
ponents of twists, J7 and G in (3.20) serve to transmit only the corresponding
components of the contact wrenches.

When the inertia terms are negligible, as occurs during slow motion, the system

is said to be quasistatic. In this case, (3.22) becomes:

T = Tapp

g = Gap (3.23)

and does not depend on joint and object velocities. Consequently when the grasp
is in a static equilibrium or moves quasistatically, one can solve the first equation
and constraint in (3.21) independently to compute A,q and v. It is worth noting
that such a force(velocity) decoupled solution is not appreciable, since the first
equation in (3.21) depends on the third one through (3.22).

Remark Equation (3.21) highlights an important alternative view of the Grasp
Matriz and the Hand Jacobian. G can be thought of as a mapping from the trans-
mitted contact forces and moments to the set wrenches that the hand can apply to
the object, while IT can be thought of as a mapping from the transmitted contact
forces and moments to the vector of joint loads. Notice that these interpretations

hold for both dynamic and quasistatic conditions.

3.4 Restraint Analysis

The most fundamental requirements in grasping and dexterous manipulation
are the abilities to hold an object in equilibrium and control the position and
orientation of the grasped object relative to the palm of the hand. The two most
useful characterizations of grasp restraint are force closure and form closure. These
names were in use over one hundred twenty five years ago in the field of machine
design to distinguish between joints that required an external force to maintain

contact, and those that did not. For example, some water wheels had a cylindrical
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axle that was laid in a horizontal semi-cylindrical groove split on either side of the
wheel. During operation, the weight of the wheel acted to ”close” the groove-axle
contacts, hence the term force closure. By contrast, if the grooves were replaced
by cylindrical holes just long enough to accept the axle, then the contacts would
be closed by the geometry (even if the direction of the gravitational force were
reversed), hence the term form closure. When applied to grasping, form and force
closure have the following interpretations. Assume that a hand grasping an object
has its joint angles locked and its palm fixed in space. Then the grasp has form
closure, or the object is form closed, if it is impossible to move the object, even
infinitesimally. Under the same conditions, the grasp has force closure, or the object
is force closed, if for any non-contact wrench experienced by the object, contact
wrench intensities exist that satisfy equations (3.20) and are consistent with the
constraints imposed by the friction models applicable at the contact points. Notice
that all form closure grasps are also force closure grasps. When under form closure,
the object cannot move at all, regardless of the non-contact wrench. Therefore, the
hand maintains the object in equilibrium for any external wrench, which is the force
closure requirement.

Roughly speaking, form closure occurs when the palm and fingers wrap around
the object forming a cage with no ”wiggle” room such as the grasp shown in Fig.3.4.

This kind of grasp is also called a power grasp or enveloping grasp. However, force

Figure 3.4: The palm, fingers, wrist, and watch band combine to create a

very secure form closure grasp

closure is possible with fewer contacts, as shown in Fig.3.5, but in this case force

closure requires the ability to control internal forces. It is also possible for a grasp
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Figure 3.5: This grasp has a force closure grasp appropriate for dexterous

manipulation

to have partial form closure, indicating that only a subset of the possible degrees
of freedom are restrained by form closure. An example of such a grasp is shown in
Fig.3.6. In this grasp, fingertip placement between the ridges around the periphery
of the gasoline cap provide form closure against relative rotation about the axis of
the helix of the threads and also against translation perpendicular to that axis, but
the other three degrees of freedom are restrained through force closure. Strictly
speaking, given a grasp of a real object by a human hand it is impossible to prevent
relative motion of the object with respect to the palm due to the compliance of the
hand and object. Preventing all motion is possible only if the contacting bodies

are rigid, as is assumed in most mathematical models employed in grasp analysis.

3.5 Safe Grasping: a Possible Approach

3.5.1 Optimal Actuator Efforts and Contact Forces

In order to grasp a given object, the fingers have to slowly close around it until

they cannot close further. Each link has to stop only when it reaches its joint angle
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Figure 3.6: In the grasp depicted, contact with the ridges on the gasoline cap
create partial form closure in the direction of cap rotation (when screwing
it in) and also in the directions of translation perpendicular to the axis of

rotation

limit or when one of the successive segments in its chain collides with the object.
The idea is shown in Fig.3.7.

Anyway, using this approach, the contact points are only touched by the fingers.
No force or only little force due to offset error is applied through these contact
points. Hence, it is necessary to determine the optimal actuator efforts and the

corresponding contact forces.

Figure 3.7: A possible approach in order to grasp an object
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3.6 Safe Grasping

3.6.1 Form Closure and Force Closure Methods

Holding and manipulating delicate objects such as a glass of water, introduces

the concept of safe grasping.

Definition 1 Safe grasp. In order to perform a safe grasp, a robot must grasp
the object in a stable way to prevent slipping by applying the minimum necessary

grasping force to avoid object breaking or deformation.

It is a common practice among researchers to simplify dynamic of system
by assumptions such as permanent contact or incipient slip condition between
object and gripper. Although such assumptions might be good in general grasping
problem, where applying large contact forces is permissible, they are not valid in
the case of safe grasping in which the contact forces should be minimal.

Safe grasping can be accomplished by two different ways, the first - called form
closure - is based on handling object with frictionless contacts, while, the second
- called force closure - is based on holding the object by applying proper amount
of friction force to it. Although, the first method of grasping seems to be more
convenient for safe grasping purpose, it needs very good knowledge of geometry
of the object. Moreover, it needs a dexterous hand which has enough fingers to
hold the object in a stable way. Such a hand may not be able to perform a good
form closure grasping as the object shape, in real situation, may be somewhat
different from what is expected to be. This means that, perhaps, form closure
is not a suitable method for grasping unknown objects or objects in unknown
circumstances. Also, form closure is not a good approach for grasping tiny delicate
objects which need pinching.

On the other hand, force closure, which could be regarded as the solution
for grasping of unknown objects, implies the need for a precise force control to

accomplish safe grasping. In addition safe grasping by force closure needs detection
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of object slipping and use of this information in control of the fingers in order to
hold the object with minimum necessary force - like what the human hand does.
Adigh and Ahmadi proposed a new controller inspired by human method of
grasping [8]. The proposed controller, which only needs measurement of the contact
forces, is employed in conjunction with jacobian transpose method for grasping by

multi-link fingers.

3.7 A Controller Inspired by Human Method
of Grasping

3.7.1 Problem Formulation

A gripper, with two multi-link fingers, as shown in Fig. 3.8 is assumed to grasp

and move an object along a vertical line. Considering the free-body diagram of

> x

Figure 3.8: Schematic diagram of an object grasped by a two-finger gripper.

object, shown in Fig. 3.9, and taking into account that the motion is rectilinear in

z direction, one might simply derive its equation of motion as follow:

R+ fL —mg=mZ, (3.24)
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Figure 3.9: Free-body diagram

in which mass and acceleration of the object in z direction, gravity acceleration,
and friction forces on left and right sides are respectively shown by m, Zo, g, fr
and fr.

To compute the friction forces we need to consider four different situations that
may occur in reality; i.e. incipient slip, slip, non-slip and free falling modes. The

equations of motion for each situation are as follows:

1) Incipient slip mode; in this mode the object is kept with minimum normal

force, and it is about to slip.

Zo=(frR+ fL)/m—g
N = ke (3.25)
fi = —piNsgn(Z, — Z4), i1=L,R

Where p;, ke, x and %, denote, respectively, the coefficient of friction between
gripper and object, the equivalent stiffness of the finger including rubber
skin, the amount of movement of left and right fingers from their neutral
position (the position in which the object is grasped with zero normal force

and the acceleration of the gripper).

2) Slip mode;
Zo=(fr+ fL)/m—g
N = kex (3.26)
fi = —pilNsgn(z, — ), i1=L,R
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3) Non-slip mode;
Zobj = Zg
frR+ fo=m(%+9) (3.27)
N = k.x

4) Free falling mode; in this mode the gripper is opened and the object starts

to fall.
éo =—g
N=0 (3.28)
frR+frL=0

3.7.2 A Human-like Control Law

The controller proposed by Sadigh and Ahmadi feedbacks the normal and
tangential force and based on it decide whether to close the gripper jaws or not.
It is necessary to use a control law of the following form for z, € R! which shows

the closing speed of i-th gripper jaw:

kol fil
v—kn <Ni_ Z > (3.29)

i = 5 . i=L,R

in which ky, k, and v are some constants to be chosen to meet desired performance.
On the other hands u;, IV;, and f; are, respectively, friction coefficient and the
measured values of normal and friction forces of the i-th finger. It also worth
mentioning that #; is considered positive when fingers are moving toward each
other. The first term in this controller gives a constant intention of closing the
gripper with a speed of v; while the second term gives an intention of opening

K,|fil

the gripper with a speed proportional to N; — ——— which is an indication of
excessive applied normal force. e

The action of this control is such that at the beginning of grasping procedure,
when normal and friction forces are zero, it closes the fingers with speed of v. As
the normal force increases and exceeds the necessary amount of normal force the

second term starts to reduce the closing speed and even may reverse the direction
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of & and opens the gripper. This procedure ends when these two intentions get

balanced.

3.7.3 Friction Coefficient Estimator

As the discussed controller is a function of friction coefficient, it is quite pre-
dictable that its performance greatly depends on good knowledge of it, which may
not always be available forehand. Investigating sever effect of uncertainties in p |
Sadigh and Ahmadi [40] proposed an estimator which takes advantage of coulomb
friction properties. Recalling that f/N always gives an upper limit for x4 and once
the system starts to slip it gives the actual value of y , and the fact that during
slip mode the ratio of f and IV remains constant irrespective of the amount of N,

they proposed the following algorithm to estimate p.

e Choose the first estimate of u to the best of our knowledge. It might even be

a constant value depending on normal operational condition of the system.

e for N # 0 calculate fi;y = f(;)/IN(;) at each step of measurement. Where f;
and N(; depict the measured values of friction and normal forces at j-th
step of measurement. If N(;) = 0 we may just skip estimation at this step of

measurement.

e For fi;y > pput g = fi¢;). This means that the friction has a capacity more

than what expected before.
e For fi(j) < p two cases might happen:

— Casel, in this case we get fi(j) # fi(;—1) Which means the system is none
slipping so part of the friction capacity is used and f/N is greater than
p . In this case fi(;) can not improve the estimated value of p . So, we

may leave p as it is.

— Case2, the system is slipping or it is in incipient mode. In this case the

system experiences the situation of fi(;) = fi(;_1) where N(;) # N(;_1).
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It means that in this case even with change of normal force from step
j — 1 to step j the value of f(j)/N(j) remains constant. In this case we
may put p = ;. This way, we may judge about slipping merely based

on knowledge of contact forces.

This estimator saves the best estimated value of friction coefficient in g which

is used in controller.
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Chapter 4

Modular Gripper Design
Algorithm: an Object-oriented
Approach

This chapter deal with the innovation and the advantages brought by the possi-
bility to adjust the modular robot structure depending on the object to grasp size
and shape. We present a possible object-oriented algorithm for designing effective
modular manipulator configurations in order to grasp a given object or a set of

objects.

4.1 Limitation of Robotic Hands

Human hands have great potential not only for grasping objects of various
shapes and dimensions, but also for manipulating them in a dexterous manner. In
literature, “dexterity” means the capability of changing the position and orienta-
tion of the manipulated object from a given reference configuration to a different
one, arbitrarily chosen within the hand workspace [41], while “grasping” indicates

an action of a hand on an object consisting in preventing its motions relative to

36



4.1. LIMITATION OF ROBOTIC HANDS 37

the hand, possibly in the face of disturbance forces acting on the object itself. The
task of grasping is, in some sense, converse to that of manipulation, and it can be
expected that in the design of a robotic hand, or more in general a robotic gripper,
trade-offs between dexterity and grasping robustness have to be sought. It is obvi-
ous that this kind of dexterity cannot be achieved by a very simple gripper capable
of open/close motion only. A multi-fingered robot gripper can therefore provide a
great opportunity for achieving such a dexterous manipulation in a robotic system
[42].

When designing a grasping device, depending on the intended use, there are
many issues that should be addressed: anthropomorphic or non-anthropomorphic
aspect, number and kinematic configuration of the fingers, built-in or remote ac-
tuation, transmission system (in the case of remote actuation), sensor assignment,
integration with a carrying device (robot arm), and control. Anthropomorphic
design permits an easier mapping of human skills allowing to plan and to pro-
gram actions by “demonstrating” the desired human behaviors in manipulation
and grasping[43]. In such systems, easily available sensorized gloves, or in some
cases mechanical masters, are used to provide measurements of the master’s hand
movements. Moreover, some results obtained in neuroscience can be also used to
improve control algorithms and to reduce the dimension of the controllable DOF's
[44]. However, this approach has also some disadvantages especially when the en-
vironment is not totally available for design decisions and the controlling is done
by computer programs. It is worth noting that human-like grippers present com-
plex kinematic structure, a high number of actuators and a high sophistication
of sensing systems. Cost-effectiveness and reliability are at a premium in factory
applications of robot hands, and make the simplest grippers an optimal solution
for most trivial grasping tasks. Manufacturing large enough batches of products
justifies the development of specialized grippers for the task even if the need for
adaptability in part-handling devices becomes more and more important nowa-

days.
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4.2 Why Modular

We focus here on the advantage obtained by a modular robotic grasping design.
A modular construction allows to overcome some of the problems mentioned above
by introducing a task-oriented or object-oriented approach to the design of the
grippers. In other words, we define the guidelines for creating a device capable of
adapting its structure and functionality to the characteristics of an object or a set
of objects to be grasped.

In doing this we want to respect the principle of minimalism: choose the sim-
plest mechanical structure, the minimum number of actuators, the simplest set of
sensors, etc., that will do the job, or class of jobs. Complexity reduction is espe-
cially important in terms of the hardware components system, as they often make
for most of the cost, weight, and failures of robots [45]. Using a dedicated gripper
for an object or a set of objects would enhance the simplicity of the task planning
and control. Moreover, the production costs would be considerably cut by building
a specialized device capable of grasping objects by using only the number of mod-
ules and fingers required. The costs of maintenance and repair would also be kept
low. Besides, the weight of the manipulator would be minimized to bare necessi-
ties. This would be very useful in space applications where it is really important to
reduce the weight of the device to be sent into space. Finally, the modular struc-
ture can lead toward the miniaturization of the gripper since the reduction of its
size only depends on the module characteristics, while the structure can be kept.
This property of scalability can also be useful for dealing with objects of unknown
size. In fact, the dimension of the device can potentially grow or decrease without

modification on the control law or in the determination of the configuration.

4.3 Modular Gripper Design Algorithm

We defined an iterative procedure to design the structure of the gripper. The idea

is to simulate the grasping of an object starting from a simple configuration and
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add modules until a certain value of grasp quality for the given object is achieved.
The possibility of dealing with several objects and the easy and fast reconfiguration
of the gripper structure was considered. The main idea of the algorithm is shown

in Fig.4.1.

Initial

Yo

Launch planner ]_,[ Evaluate grasp ]

configuration

Improve manipu-

lator configuration

Effective

configuration

Figure 4.1: The basic idea of the algorithm

The modular gripper consists of one or more chains of modules fixed on a base.
Referring to a robotic hand, each chain can be thought as a finger and the base as
a palm. We assume that all the modules have the same size and shape.

Firstly, the main variables of the algorithm are introduced. Let m be the mod-
ules total number of the gripper. Let M be the maximum number of modules per
each finger. M is chosen as a trade-off between an upper bound function of the

maximum motor torque expressed by the modules and a lower bound defined as

My = m , (4.1)

where R represents the radius of the minimum sphere that envelops the object to
grasp and L is the length of one module. M,,;, takes into account the dimension of
the object to grasp. Obviously, the upper bound is the most important limitation.

Concerning the base of the gripper, it is our idea that it should be composed

of modules itself. However, in this preliminary study we considered a prototype
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base plate with given positions where the modules can be fixed. We defined three
kinds of base dispositions as shown in Fig.4.2 that allow to perform almost all the

possible pre-shapes:

e no finger opposition base: the fingers are placed in a way that finger oppo-

sition is not possible;
e circular base: the fingers are placed in a circular configuration;

e j-opposable-thumbs base: one or more fingers are set to be opposable to the

others.

(a) (b) (c)

Figure 4.2: Possible base dispositions for f = 3: no finger opposition (a),
circular (b) and 1-opposable-thumbs (c).

We have also considered the possibility to change the distance between the slots
where the fingers are placed on the base. This is the first heuristic of the proposed
algorithm since these three kinds of bases do not cover all possible grippers con-
figurations but, are able to describe the most significant grasp models according
to the taxonomy presented in [46].

The basic idea of the algorithm is to design a modular device through an
iterative and incremental procedure. The target is to reach a prefixed grasp quality
Qdesired using the minimum number of modules. In literature, there are different
methods for assessing the grasp quality. Among the possible solutions, we used the

quality criteria introduced by Ferrari and Canny in [47]. However, all the other
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solutions could be implemented and used in our algorithm. In particular we used as
measure the radius of the largest inscribed sphere centered at the origin contained
in the so called Grasp Wrench Space. The GWS is the set of all wrenches that
can be resisted by a grasp if unit contact forces are applied at the contact points.
This measure represents also the magnitude of the largest worst-case disturbance
wrench that can be resisted by a grasp with a unit strength grip. It is usually
called Q1.

At every iteration a new gripper configuration is generated. A grasp planner
is used to determine the best grasp achievable with the current configuration. If
the corresponding grasp quality is less then Qgesireq and all the possible module
permutations for the fingers as well as all the base configurations have been tried,
the current gripper structure changes adding one more module.

In the following the steps of the algorithm, whose flow chart is reported in Fig.
4.3, are described.

Table 4.1: Relevant parameters and variables

m Current number of modules
f Current number of fingers
M Maximum number of modules per finger

Fmin Minimum number of fingers

Quesirea | Predefined desired grasp quality

Initialize algorithm

In this phase the value of M, Quesireq and fiin are assigned. fp., represents the
minimum number of finger that the gripper must have. Moreover the features of
the modules and of the object to grasp are defined. When the algorithm starts the

gripper configuration consists of only one finger and one module and f,;,, = 1.
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Figure 4.3: Algorithm for minimal configuration.
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Compute f,,;,
When a module is added, the following condition is evaluated:

UL Vi (4.2)

NS .
f min

If the inequality is not satisfied, fy,, is incremented by one to avoid the insertion

of more than M modules into a finger. Let suppose that we have m = 4 and M = 3.
fmin 18 set to 2. So that, it is not possible to have a configuration with only one

finger with four module and the limit M is respected.

Generate new module permutation

This step is necessary to guarantee that given a number of modules, all the possible
configuration of fingers are tried. All the module permutations for the fingers can

be obtained as: -
Z x; =m, (4.3)
i=1

where x; € N and [, < F < m. Hence z; represents the number of modules for

the i-th finger.

Generate new base configuration

This step consents to test all the possible base dispositions and the distances
between the slots once a permutation is generated. Firstly, it is necessary to select
one of the defined base dispositions. Then the distance between the fingers has to
be selected. The number d of different distances to be considered in the algorithm

is related with the size of the object to grasp and it is defined as:

i |, (1.4)

S
where s represents the distance between two adjacent slots and R is again the
radius of the minimum sphere that envelops the object to grasp. The first distance
can be obtained by fixing the fingers in adjacent slots, the second distance can be
obtained by simply fixing the fingers at each two slots and so on. An example of

second distance is showed in Fig. 4.4.
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Figure 4.4: Second finger distance for a no finger opposition base disposition.

Launch planner

Once the configurations of fingers and base are defined and a new gripper con-
figuration is generated, a grasp planner is used in order to determine the grasps
achievable with the current configuration. In general, the grasp planning problem
can be solved in either forward or backward direction. We used a forward solution
that is implemented in the grasp planning simulator “Openrave” [48] in which a
grasp is simulated by giving an initial pose and initial joint angles (pre-shape) to
the end-effector. After that the end effector moves along the normal to the palm
plane until it hits the target object. Then the fingers of the end-effector slowly
close around the object until they cannot close further. The contacts between the
end-effector and the object are extracted, and grasp quality index is calculated.

Note that we used the grasp planner implemented in Openrave but this does not
affect the generality of our approach since any other planner, like for instance the
one implemented in Grasplt! [49], can be used without affecting the effectiveness

of the proposed iterative algorithm.

Evaluate Grasp

As we said before, in order to assess the grasp quality, we used the quality criteria
introduced by Ferrari and Canny in [47]. However, all the other solutions could be
implemented and used in our algorithm.

In the following, we briefly report the main aspects of this criteria. A grasp is

said force closed if given any external wrench applied to the object there exists
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a set of contact forces that can counterbalance the external wrench. The set of
all wrenches that can be resisted by a grasp if unit contact forces are applied at
the contact points is called the Grasp Wrench Space (GWS). In order to find the
total grasp wrench space we need a finite basis set of vectors, so it is necessary to
approximate this cone with a proper pyramid of k£ sides. Therefore each contact
force can be expressed as the convex sum of forces f; on the boundary of the

friction pyramid:
k
F=> af; (4.5)
j=1

In [47] two methods of finding the unit grasp wrench space are described. One
limits the maximum magnitude of the contact normal forces to 1, and the other
limits their sum magnitude to 1. We have implemented the second option due to
its ease of computation. Under this constraint, the set of wrenches that can be

exerted on the object is:

GW S = ConvexHull (U {w; 1, ,wzk}> , (4.6)

i=1

or equivalently

n k

GWS = Z Z Qg Wi g, (4.7)

i=1 j=1
or equivalently GWS =31 | Z?Zl ;- w;j, with Y7 Z?Zl a;j <land a;; >
0. If the convex hull contains the center of mass, i.e. the origin of the wrench
space, then the grasp is force closed. The definition of the standard grasp quality
measures follows from this approximation of the GWS. In particular we used @1,
one of the most used grasp measures that is the radius of the largest inscribed
sphere centered at the origin contained in the GWS. It represents the magnitude
of the largest worst-case disturbance wrench that can be resisted by a grasp with
a unit strength grip. If @1 < 0 the convex hull does not contain the origin and the

grasp is non force closed.
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Stop condition

The algorithm stops when the desired value for the grasp quality @1 is reached by
the best grasp returned by the planner. The corresponding configuration is selected
as the minimal configuration. This is the second heuristics of our algorithm.

It should be mentioned that the proposed algorithm works for a given object
to grasp and this may appear a limitation of the approach. However, during the
use of the algorithm, we realized that even if the modular gripper is designed for a
given object it is able to work with many other objects with comparable size. To
generalize this idea to a set of objects, we propose to consider as target object for
the modular gripper design the object obtained considering the bounding box of

all the elements in the set as described in [50].

4.4 Pseudocode of the Algorithm

In the following, we propose the pseudo-code of the proposed algorithm.
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1:
2:

10:
11:
12:
13:
14:
15:
16:
17:

18:
19:
20:
21:
22:
23:
24:
25:
26:
27:

target = object to grasp; define: @ gesire, module, M, s
m = foin =1
distances.generate(s)
permutations.generate(m, fiin)
while true do
if m/ fiin > M then
fmin ++
permutations.generate(m, fiin)
end if
while permutations.hasNext() do
current permutation = permutations.next()
dispositions.generate(current permutation)
while dispositions.hasNext() do
current disposition = dispositions.next()
while distance.hasNext() do
current distance = distances.next()
current configuration = configuration.generate(current permu-
tation, current disposition, current distance)
Qpest = planner.launch(current configuration, target)

if Qbest 2 Qdesire then

return current configuration
end if
end while
distances.reset()
end while
end while
m+-+

end while

Algorithm 1: Algorithm pseudo-code.
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Chapter 5

Simulations and Experimental

Results

In this chapter we expose some results obtained using our iterative algorithm. We
used a software simulator in order to test our procedure. Finally, two possible

implementations of our modular gripper are reported.

5.1 Effective Configurations for Everyday
Objects

To test our algorithm we performed some simulations. All simulations were
carried out using Openrave. As base module we used the Y1 model [23]. A single
body module is 80 mm long, 50mm wide and 50 mm high. We considered M = 3
as the maximum number of module per finger and two different distances between
the slots (d = 2).

The algorithm was tested for finding effective configurations of the modular

gripper for several everyday objects.
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Figure 5.1: Steps of the algorithm for finding the minimum configuration in

order to grasp a ketchup bottle.

5.1.1 A Simple Demo: Grasping a Ketchup Bottle

For the sake of simplicity, only the example of a ketchup bottle is described
here in detail. According to [51] the threshold was set at Qjeqireq = 0.1 since this
or a greater measure of quality corresponds to grasps that a human would consider
“stable”.

We observed that one finger with three modules is enough to reach the desired
grasp quality. The steps of the algorithm are shown in Fig. 5.1. The reported value
of Q1 refers to the best obtained grasp for each gripper configuration tested. In
Table 5.1 experiment details are reported. The minimum configuration obtained

is shown in Fig. 5.3-a.

Looking for the Best Achievable Configuration

For the same object the number of modules (m) was continually increased even
after reaching )y q;req and it was verified that after a certain number of modules
Mept the value of the grasp quality remained almost stable around a threshold
as is shown in Fig. 5.2 . In this case m,y was 9. The obtained device is repre-
sented in Fig. 5.3-b. For this reason, in general, we can consider the configuration

corresponding to m,,; modules as the best achievable.

49



5.1. EFFECTIVE CONFIGURATIONS FOR EVERYDAY

OBJECTS

50

Table 5.1: Steps of the algorithm for the ketchup bottle minimum configura-

tion

iter. configuration Q1 | time
1 m=1,f=1 0.0011 | 21s
] m=2/f=1 100028 38

1| m=2 f=2
lin. disp., 1% scal. | 0.0459 | 49s

A% m=2, f=2,
lin. disp., 2 scal. | 0.0196 | 27s

\%4 m=2, f=2,
circ. disp., 1*¢ scal. | 0.0543 | 34s

VI | m=2 f=2
circ. disp., 25 scal. | 0.0047 | 37s
VII| m=3 f=1 |01270| 47s

5.1.2 Grasping Other Objects or Sets of Objects

Some other simulations were performed in order to obtain effective configu-

rations for grasping other objects or sets of objects. A phone, a book, a flask, a

cup, a glass and an aircraft model were tested. The resulting configurations are

shown in Fig. 5.4. It is worth noting that the complexity of the gripper increases

together with the complexity of the shape of the object. For the aircraft model

we also tested the possibility to change the direction of the modules rotation axis.

What was obtained is quite different from classical grippers and is reported in

Fig. 5.4-f. Table 5.2 shows in detail the obtained gripper configurations and the

correspondent grasp qualities.
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Figure 5.2: Steps of the algorithm for finding the best configuration in order
to grasp a ketchup bottle. The grasp values refer to the best grasp quality

obtainable at each step with m modules

Table 5.2: Effective confgurations for some everyday objects

object | m | f | base disposition | finger distance | module permutation | (1
phone | 3 |1 | linear 15t 3 0.13
book 5 | 2 | circular ond 2,3 0.13
flask 9 | 3 | circular 15t 3,3,3 0.14
cup 4 | 2| circular 25t 2,2 0.11
glass 5 | 2| linear 15t 2.3 0.12
aircraft | 14 | 3 | circular 1%t 5,5,4 0.53

5.2 Possible Implementations

Finally, two possible implementations of our modular gripper are reported. In
Fig. 5.5 the obtained gripper for cubic and cylindrical object are shown. In this
case we used a different module size for the design. The used modules dimensions

are 42 mm long, 33 mm wide and 16 mm high.
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A

(a) (b)

Figure 5.3: Minimum (a) and best (b) gripper configurations for grasping a

bottle of ketchup.

() (b)

(d) () (f)

Figure 5.4: Minimum manipulator configurations for respectively grasping a

glass (a), a phone (b), a book (c), a flask (d), a cup (e) and an aircraft model

(f).
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Figure 5.5: Gripper configurations for cubic (a) and cylindrical (b) objects.
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Chapter 6

Imitating the Human Postural

Synergies

In this chapter the possibility of using human postural synergies in order to control

modular manipulators is considered.

6.1 Problem: High-dimensional Configuration
Space

One of the hardest problems in robotic grasping is the creation of control algo-
rithms for new hand designs that are beginning to rival the human hand in com-
plexity. This also happens using the approach proposed by Adigh and Ahmadi [8]
and discussed in Chapter 4. A possible solution to this problem could be to draw
inspiration from the human hand not only with regard to size and configuration,
but rather as regards to the control [52]. Recent studies in neuroscience research
have shown that the grasping human hand movements can be described by tra-
jectories in a configuration space of much smaller dimension than the kinematic
count would suggest. Such configuration space is known as postural synergies and

its main components are referred as eigengrasps.
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6.2 Eigengrasps

Any hand posture is fully specified by its joint values, and can therefore be thought
of as a point in a high-dimensional joint space. If d is the number of degrees of

freedom (DOF) of the hand, than a posture p can be defined as

p= [91929,1] € Rd (6_1)

where 6; is the value of i-th degree of freedom.

Most human grasping postures derive from a relatively small set of discrete
pre-grasp shapes. These hypothesis are supported by the work of Santello et al.
[53]. In his work, a certain number of subjects were asked to shape the right hand
as if to grasp and use a large number of familiar objects. Static hand posture was
measured by recording the angular position of 15 joint angles of the fingers and of
the thumb. Although subjects adopted distinct hand shapes for the various objects,
the authors noticed that the joint angles of the digits did not vary independently.
Principal components analysis showed that the first two components could account
for more than 80% of the variance, implying a substantial reduction from the 15
degrees of freedom that were recorded.

In other words, the first two components form a low-dimensionality basis for
grasp postures, and can be linearly combined to closely approximate most common
grasping positions. Allen et al. referred to the Principal Components of the postures
as eigengrasps [52].

Each eigengrasp e; is a d-dimensional vector and can also be thought of as di-
rection of motion in joint space. Motion along one eigengrasp direction will usually

imply motion along all (or most) degrees of freedom of the hand.

€ = [ei,lei,Q---ez‘,d] (6~2)

By choosing a basis comprising b eigengrasps, a hand posture placed in the
subspace defined by this basis can be expressed as a function of the amplitudes a;

along each eigengrasp direction:

95



6.3. GRASP PLANNING USING EIGENGRASPS 56

b
p= Z a;€; (6.3)
i=1

and is therefore completely defined by the amplitudes vector a = [a;...ap] € RE.

6.3 Grasp Planning Using Eigengrasps

The grasp planning task can be thought as an optimization problem in a high-
dimensional space that describes both hand posture (intrinsic DOF’s) and position
(extrinsic DOF’s). Let us consider the goal of minimizing an energy function of

the form:

E=f(p,w) (6.4)

If d is the number of intrinsic hand DOF’s then p € R? represents the hand
posture and w € RS contains the position and orientation of the wrist.

Intuitively, this energy function has to be related to the quality of the grasp.
However, the traditional formulations pose a number of problems. First, it can
be very difficult, or even impossible, to compute an analytical gradient. Second,
such functions are highly non-linear, as small changes in both finger posture and
wrist position can drastically alter the quality of the resulting grasp. Finally, the
legal parameter space is complex, having to satisfy multiple constraints: prevent
inter-penetration with the object to be grasped as well as potential obstacles, and
maintain joint values within their acceptable ranges.

For all these reasons, Ciocarlie in [52] proposed to perform the optimization in

eigengrasp space, as opposed to DOF space. The energy function takes the form

E = f(a,w) (6.5)

where a € R? is the vector of eigengrasp amplitudes. This effectively reduces
the parameter space to 8 dimensions (2 eigengrasp amplitudes plus 6 extrinsic

DOFs) from as high as 26 dimensions in the case of the human hand.
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One possible quality metric that can be adapted and used as energy function

is the one described by Ferrari and Canny [54].

6.4 Application for Robotic Hand Models

Although the work of Santello et al. is centered on the study of the human hand,
the eigengrasps approach is extremely useful for robotic hands as well. Ciocarlie in
[52] applied the eigengrasp concept to a total of 5 hand models: a simple gripper,
the Barrett hand, the DLR hand [55], the Robonaut hand [56] and finally a human
hand model.

The eigengrasp concept allows to design flexible control algorithms that operate
identically across different hand models. The key to this approach is that the
eigengrasps encapsulate the kinematic characteristics of each hand design. This
enables control algorithms that operate on eigengrasp amplitudes to ignore low-

level operations and concentrate on the high-level task.

6.5 Application for Modular Robotic
Gripper

Despite the simplicity of our modular manipulator model, with the increase in the
number of its fingers and modules, it also becomes rival to the human hand in
complexity. The added degrees of freedom make modular robots more versatile in
their potential capabilities, but also incur a performance tradeoff and increased
mechanical and computational complexities. A possible solution to this problem
is to use the human eigengrasps in order to control our modular manipulator. In
this way we can operate identically across all the possible modular grippers.

The concept of synergies is closely related to the human hand, but if we analyze
the problem as a simplification of the grasp search space we can extend this concept
also to the modular robotic hand.

However, modular hands can be very different from the human one. The num-
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ber of fingers, the finger size and shape, the number of phalanges per finger, the
manipulator base configuration are all parameters that may vary. Intuitively, the

quality and the quantity of achievable synergies depend by the hand configuration.

6.5.1 A Possible Gripper Model

In order to explore this approach, we decided to use the two dominant human
eigengrasps in order to control one of the gripper obtained using our design algo-
rithm.

While we found our choices to produce good results, the optimal choice of
eigengrasps for non-human hands, as well as the choice of which eigengrasps to
use for a particular task, are open questions and interesting directions for future
research.

Referring to the nomenclature introduced in the previous chapter, the modular
gripper that we considered for performing this experiment is characterized by the

following features:
e two fingers;
e three modules for each finger;
e six intrinsic DOF's;
e I-opposable-thumbs base.

Once again we used the Y'1 model [23] as base module.

Since the number of intrinsic DOFs is six then p € RS represents the gripper
posture. We also have to consider the position and orientation of the base w € RS.
So, the parameter space has 12 dimensions. Using the two dominant eigengrasps
we can effectively reduce the parameter space to 8 dimensions (2 eigengrasp am-
plitudes plus 6 extrinsic DOFs).

We decided to use Grasplt! [49] simulator in order to develop this model.
Grasplt! already includes eigengrasp information for many dexterous hands. For

the human hand, they provide eigengrasp directions matching those discovered
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through user studies by Santello et al. [53]. Moreover, in Grasplt! three more
dexterous hands have eigengrasp information pre-defined: the Robonaut hand, the
DLR hand and the Barrett hand. In addition, eigengrasp informations can be
defined for any manipulator model.

For our gripper model, we defined two different eigengrasps:

e proximal joints flexion shown in Fig. 6.1;

e distal joints flexion shown in Fig. 6.2.

Figure 6.1: Proximal joints flexion eigengrasp

Figure 6.2: Distal joints flexion eigengrasp

We also performed some grasps of a glass using the defined eigengrasps as

shown in the following Figures. The advantage of using eigengrasps for controlling
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the gripper is evident. The Grasplt! EigenGrasp Interface menu shows the controls

for two dominant eigengrasps.

a3
122

Figure 6.3: Grasp of a glass performed using the proximal joints flexion eigen-

grasp

Valoe: Amplitude: Fix

Figure 6.4: Grasp of a glass performed using the distal joints flexion eigen-

grasp
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Chapter 7

Conclusion and Future work

In this work we studied the possibility of developing modular robotic grippers
able to adapt to different requirements and situations. We presented an algorithm
for finding effective configurations of a modular gripper. We observed that by
increasing the number of fingers and modules, it is possible to increase the grasping
quality. However, after a certain threshold, we noticed that the grasp quality cannot
be further enhanced. Moreover, we realized the modular gripper for two of the
obtained configurations with cubic and cylindrical objects.

As last, we investigated the possibility of using the two dominant human eigen-
grasps in order to control the modular manipulator. We implemented a simple
gripper model that can be controlled using this approach. While we found our
choices to produce good results, the optimal choice of eigengrasps for non-human
hands, as well as the choice of which eigengrasps to use for a particular task, are

open questions and interesting directions for future research.

Problems

The proposed algorithm is quite complex from a computational point of view.
The most time consuming part is the grasp planning phase. The time required to

complete this stage depends on the kind of planner used and on the number of
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modules involved.

Adapting the device base to the task to be performed could reduce the number
of possible configurations to test and it could also allows for a better adaptation
of the gripper to the manipulation tasks.

Finally, we want to remark that in this work a given base plate was used as
the palm for the gripper. In order to increase the flexibility of the iterative design

approach, we have planned to substitute the base plate with modules as well.

7.1 Future works

7.1.1 Task-oriented Grasping

Commonly used criteria for grasp evaluation take into account only forces.
These criteria guarantee resistance of the grasp against any external force, which
might be applied to the grasped object but it often leads to large forces and torques
at the grasping points. Even worse, it may generate useless grasping postures.
Some grasps which might be form- or force-closure grasps may not be suitable
with respect to a certain task, being executed after the object has been grasped.
For example, the grasp of a cup from the top might be very stable and give a
good performance in case of force optimization but it is unusable if something is
to be filled in the cup or poured out. To be more precise, most of the currently
proposed methods do not use any knowledge about the object functionality. They
are not task-oriented. To avoid this problem we should also take into account the
re-usability of a grasped object.

As future work, we have planned to modify the iterative algorithm to take
into account task-oriented quality measures like the one presented in [57]. For this
reason we should modify our algorithm to make it task-oriented. Thanks to its
modularity, we can maintain the same structure. Only the grasp evaluation phase

has to be modified in order to use a task-oriented metric.
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7.1.2 Hand-oriented Grasping

Another possible future work could be to modify the proposed algorithm in
order to make it hand-oriented. At each iteration, once the current manipulator
configuration is generated, the achievable eigengrasps have to be defined. A method
for obtaining the optimal choice and mapping of human synergies for non-human
hands is necessary. We also need to use an eigengrasps planner. In this way the
algorithm could return not only an effective configuration that allows to grasp the
given object or a set of objects but also the achievable postural synergies in order

to control the gripper.
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Appendix A

Source code

In Chapter 6 we presented a simple gripper model that can be controlled using
the two dominant eigengrasps. We report here the source code to be used with

Grasplt!.

A.1 ModularGripper.xml

In Grasplt! [49], a robot is made up of multiple links, connected into kinematic
chains. In general, in Grasplt!, a robot configuration file contains the following

data:
e the palm, this is simply a pointer to the body file that contains the palm;
e degrees of freedom;
e kinematic chains.

We defined all these fields. Below the gripper configuration file.

<?xml version="1.0" 7>
<robot type="ModularGripper”>

<palm>palm . xml</palm>
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<dof type="r">

<defaultVelocity >1.0</defaultVelocity >
<maxEffort >2.5e4+9</maxEffort>
<Kp>1.0e+11</Kp>

<Kd>1.0e+7</Kd>

<draggerScale >20</draggerScale>
<breakAwayTorque >0.5</breakAwayTorque>

</dof>
<dof type="r">

<defaultVelocity >1.0</defaultVelocity >
<maxEffort >2.5e+9</maxEffort>
<Kp>1.0e+11</Kp>

<Kd>1.0e+7</Kd>

<draggerScale >20</draggerScale>
<breakAwayTorque >0.5</breakAwayTorque>

</dof>
<dof type="r">

<defaultVelocity >1.0</defaultVelocity >
<maxEffort >2.5e4+9</maxEffort>
<Kp>1.0e+11</Kp>

<Kd>1.0e+7</Kd>

<draggerScale >20</draggerScale>
<breakAwayTorque >0.5</breakAwayTorque>

</dof>
<dof type="r">

<defaultVelocity >1.0</defaultVelocity >
<maxEffort >2.5e4+9</maxEffort>
<Kp>1.0e+11</Kp>

<Kd>1.0e+7</Kd>

<draggerScale >20</draggerScale>
<breakAwayTorque >0.5</breakAwayTorque>
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</dof>
<dof type="r">
<defaultVelocity >1.0</defaultVelocity>
<maxEffort >2.5e4+9</maxEffort>
<Kp>1.0e+11</Kp>
<Kd>1.0e+7</Kd>
<draggerScale >20</draggerScale>
<breakAwayTorque >0.5</breakAwayTorque>
</dof>
<dof type="r">
<defaultVelocity >1.0</defaultVelocity >
<maxEffort >2.5e4+9</maxEffort>
<Kp>1.0e+11</Kp>
<Kd>1.0e+7</Kd>
<draggerScale >20</draggerScale>
<breakAwayTorque >0.5</breakAwayTorque>

</dof>
<chain>
<transform>
<translation >32 —10 50</translation>
<rotation >90 x</rotation>
</transform>

<joint type="Revolute’>
<theta>d0+90</theta>
<d>0</d>
<a>82</a>
<alpha>0</alpha>
<minValue>—90</minValue>
<maxValue>90</maxValue>

<viscousFriction >5.0e4+7</viscousFriction >
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</joint>
<joint type="Revolute”>
<theta>dl</theta>
<d>0</d>
<a>T2</a>
<alpha>0</alpha>
<minValue>0</minValue>
<maxValue>68</maxValue>
<viscousFriction >5.0e+7</viscousFriction>
</joint>
<joint type="Revolute’>
<theta>d2</theta>
<d>0</d>
<a>b0</a>
<alpha>0</alpha>
<minValue>0</minValue>
<maxValue>90</maxValue>
<viscousFriction >5.0e+7</viscousFriction >
</joint >
<link dynamicJointType="Revolute”’>1link2 .xml</link >
<link dynamicJointType="Revolute”’>link2 .xml</link >
<link dynamicJointType="Revolute”’>1link3 .xml</link >
</chain>

<chain>
<transform>
<translation >-32 10 50</translation>
<rotation >90 x</rotation>
<rotation >180 y</rotation>
</transform>

<joint type="Revolute’>
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<theta>d3+90</theta>
<d>0</d>
<a>82</a>
<alpha>0</alpha>
<minValue>—90</minValue>
<maxValue>90</maxValue>
<viscousFriction >5.0e+7</viscousFriction>
</joint>
<joint type="Revolute’>
<theta>d4</theta>
<d>0</d>
<a>68</a>
<alpha>0</alpha>
<minValue>0</minValue>
<maxValue>70</maxValue>
<viscousFriction >5.0e+7</viscousFriction >
</joint >
<joint type="Revolute’>
<theta>d5</theta>
<d>0</d>
<a>b0</a>
<alpha>0</alpha>
<minValue>0</minValue>
<maxValue>90</maxValue>
<viscousFriction >5.0e+7</viscousFriction >
</joint>
<link dynamicJointType="Revolute”>link2m .xml</link >
<link dynamicJointType="Revolute”>link2m .xml</link >
<link dynamicJointType="Revolute”>link3m .xml</link >
</chain>
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<approachDirection>
<referenceLocation>0 0 0</referenceLocation>
<direction>0 0 1</direction>
</approachDirection>
<eigenGrasps>eigen/barrett_eigen.egr</eigenGrasps>
</robot>

Regarding the model of the module we used the same link geometry files avail-

ables in the Modular Robots plug-in for Openrave colled OpenMR [58].

A.2 ModularGripper.egr

Using Grasplt!, eigengrasp information can be defined using a text file which is
loaded together with the hand configuration file. Usually, eigengrasp information
files are placed together with the rest of the information that defines a robot, such
as the configuration file or link geometry files. The eigengrasp information file has

the following characteristics:

e the first line contains the keyword DIMENSIONS followed by the number
of DOF’s of the hand;

e each eigengrasp begins with the keyword EG. On the next line, a single value
containing the eigenvalue associated with this particular eigengrasp. Finally,

on the next line, the d-dimensional vector that defines the eigengrasp;

e an arbitrary number of eigengrasps can be defined (we defined a 2-dimensional

subspace with two eigengrasps);

e the origin of the subspace is defined exactly like an eigengrasp, but it is

preceded by the keyword ORIGIN;

e the normalization information is optional. If desired, it can be defined like
an eigengrasp, preceded by the keyword NORM. If this information is not

present in the file, no normalization is used.
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Here we show the source code.

DIMENSIONS 6

EG

0.51

1.0 0.0 0.0 1.0 0.0 0.0
EG

0.25

1.0 1.0 1.0 1.0 1.0 1.0

ORIGIN
0.0000
0.0 1.0 0.0 0.0 1.0 0.0

A.3 Submission of a paper to “IROS 2011”

About the work outlined in this Thesis, we also submitted a paper to the IEEE/RSJ
International Conference on Intelligent Robots and Systems (“IROS 2011”). We
attach the paper at the end of this Thesis.
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