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Abstract

Robotic hand increases the adaptability of graspimdymanipulating objects with its system.
But this added adaptability of grasping convolute process of grasping the object. The
analysis of the grasp is very much complicated Emge number of configuration for
grasping is to be investigated. Handling of objeatish irregular shapes and that of
flexible/soft objects by ordinary robot grippersdificult. It is required that various objects
with different shapes or sizes could be grasped muwadipulated by one robot hand
mechanism for the sake of factory automation abdua saving. Dexterous grippers will be
the appropriate solution to such problems. Cornedjmg to such needs, the present work is
towards the design and development of an artiadilatechanical hand with five fingers and
twenty five degrees-of-freedom having an improvedspg capability. In the work, the
distance between the Thumb and Finger and the ywacks generated by the hand is
calculated so as to know about the size and shape object that could be grasped. Further
the Force applied by the Fingers and there poirtpplication is also being calculated so as
to have a stable force closure grasp. The methtvddnced in present study reduces the
complexity and computational burden of grasp sysithby examining grasps at the finger
level. A detailed study on the force closure gnagpapability and quality has been carried
out. The workspace of the five fingered hand hasnbased as the maximum spatial
envelope. The problem has been considered withiy®grips constructed as non-negative
linear combinations of primitive and pure wrench&ke attention has been restricted to
systems of wrenches generated by the hand fingstsrang Coulomb friction. In order to
validate the algorithm vis-a-vis the designed fimgered dexterous hand, example problems
have been solved with multiple sets of contact {goon various shaped objects. Since the
designed hand is capable of enveloping and grasaingbject mechanically, it can be used



conveniently and widely in manufacturing automaton for medical rehabilitation purpose.

This work presents the kinematic design and thepgng analysis of such a hand.
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Chapter 1

| ntroduction

1.1 Overview

From last few decades Robot kinematic analysis éealenging area for the researcher to
work on, because of robotic use in vast areas wbangplexity, dexterity are there. Now a

day the demand of robot is increasing in the Inthishs well as in Domestic areas. Research
is being done according to the demand and requiteriRer Industrial purpose the robots are
being used for welding, assembling etc. while fani2stic purposes it is used for pool

cleaning, domestic vacuum cleaning etc. the rolapisrt from these it is being used in

military, in robot assisted surgery etc. Thus we say that in future its demand is going to
be very high. But with demand, there will be demahhtelligent robots i.e., the robots that

can perform the entire task like human being. R dne of the important properties that are
required is the grasping capability of the Robétence grasping has become an important
field of robotic research. Simple grippers and tasknted end effectors are being generally
used in various applications. But for this kindeofd effector the area of application is very
less. Hence dexterous multi-fingered hands reptesemteresting research area. Two of the
major issues in the area are; design of more daexgdnand, and its grasp capability including
quality of grasp. Robotic assembly and welding apens demand more dexterous and
compliant devices to overcome the complicacies del®@ by the desired motion and object
manipulation. These research topics are technabgaoad scientific challenges. Before

obtaining a fully operational dexterous hand there many problems to be identified and
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solved. Up to the present time, a number of muigdr hands have been developed.
However, there has been little work pertaininghe planning of grasp for articulated hands
which behave as several co-operating robots. Sigalsp must also be maintained in the
manipulation process. Difficulties of realizing bu@ fine manipulation arises out of

difficulty to obtain sufficient information abouhé state of the hand and the object in real
time. Multi-fingered robot hand (MFRH) provides somising base for supplanting human

hand in execution of tedious and complicated taGkasp planning is one of the key issues

for this kind of dexterous robot hands.

1.2 Basic Grasp Theory

We define grasp as a set of contacts on the sudbobject. The forces or torques that is
applied on the object by robotic hand depends erctimfiguration and the contact model of
the hand. Always we consider the point contact rhoeethe finger tips are in contact hence
we focus on the contact model and neglect the lcandtraints. Once the contact model is
selected one can now choose the closure propetftigsasp that is required. Generally the
contact between the finger and object is idealagd point contact at some fixed location.
By idealizing this condition one can ignore the gb#ity that the fingers are sliding or

rolling on the surface of the object.



i) Frictionless

i) Frictional

iif) Soft Contact

Type of
Contact

Number of

Contact Grasp Object Modelling
2 finger, 3 finger, Polyhedral,
........ , 7 finger, Curved, Irregular
N-finger

Figure 1.1: Data’s required for planning a grasp.



1.3 The Grasping Process

The system in which the desired object is grippgdhe fingers of a multi-fingered hand is
called a grasp. Grasps can be categorized inte tigaeral groups: precision grasps, power

grasps and partial grasps.

1.3.1 Precision Grasp

Precision grasp

Tripod
v \ 4
-
Circular Disk Spherical

v

One finger (otherOne finger (other Two finger (othel Two finger (othel
fingers closed) fingers open) fingers closed) fingers open)
Three fingers Four fingers Four fingers Four fingers
(large) (small) (small’

Figure 1.2: Precision Grasp

Precision grasps grip, on an object is done withn fihgertips. One of the examples of

precision grasp is the way doctors uses the koifelding operation. In this type of grasp fine
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motion can be admitted on the object simply by mgvihe fingers on it. Some of the
precision grasps are shown in fig. 1.2. Althouglecgsion grasp has a high degree of

manipulability, it does not have a large capabiidyesist loads.

1.3.2 Power Grasp

Power grasp

Platform Push Lateral Pinch Pad Pinch

“

Circular Disk Spherical (large) Spherical (small)

v

Wrap (medium) Wrap (large)

Wrap (small) Wrap (small) with
adducted Thumb

Figure 1.3: Power Grasp
The above fig. 1.3 shows the power grasp. The grgspf a hammer or wrench is an
example of a power grasp. In this kind of graspfthgers encloses the object with multiple

number of contacts with each finger and palm cdngasually involved. There is no ability
5



to manipulate the object within the hand but thiéitglio resist forces on the object is greatly

enhanced.

1.3.3 Partial grasps

This type of grasp does not totally constrain thevement of the grasped object. The objects
whose motions are limited on that type of objeet tdsk of partial grasp can be performed.
One example of a partial grasp is the fingers hdpkesed to open the door with curved

handles.

It can be seen that the type of grasp required rkpeapon the task to be performed. The
precision grasp is required when manipulation guied and the power grasp is required
when the task is to resist the force. There areynmaore situations that come during grasp
where force is required but due to some circumsnt cannot be done. One of the
examples of this kind is removal of workpiece frandie. As the fingers cannot encircle the

workpiece since it is mounted in a die, so a preaigrasp is used to extract it out.

1.4 Grasp Properties

The grasp properties decide about the type of gresp good grasp or bad grasp. The
decision is taken upon before the grasp is syrebhdsiThe properties are categorized into
five basic types.
» Force/Form closure - If a grasp can resist anyiegdbrce, such a grasp is force-
closure.
* Equilibrium - A grasp is said to be in equilibriuanly if the sum of forces and

moments acting on the object is zero.



» Stability - A grasp is said to be stable if graspdygect is always pulled back to
equilibrium configuration whenever it is displacerh that configuration.

» Dexterity - It is the ability of grasp to impart tian to the grasped object.

 Compliance- A grasp is compliant if the graspedeobjpbehaves as a generalized
spring, damper, or impedance, in complying witheexal constraints such as hard

surface, velocity or force. E.g., generalized gggiand dampers.

1.4.1 Force Closure/ Form Closure

The grasp is generally categorized in two partc&atosure grasp and Form closure grasp.
The basic difference between these two is thatoirtd-closure grasp there is movement of
fingers over the object for fulfilling the conditimf resisting external force so that the object
should remain at the desired position. In case armFclosure grasp there is no relative
movement between the fingers and the object. Ind1B@chi described the condition of

Force closure and Form closure in detail.

1.4.2 Equilibrium

A grasp is said to be in equilibrium when the remil of forces and torques applied on the
object both by the fingers and by external distodes is null. An associated problem is the
optimization of the finger forces making them as s possible in order to avoid damages on
the object and unnecessary wastage of energy,dqam\that the object is properly restrained.
The optimization is generally done by minimizing abjective function, with constraints
coming from the grasp problem. Buss et.al in (199&) Xu and Li (2004) have done work on
it. The force components at each contact forceegeesented by individual wrenches on the

object and the equilibrium equations are represente the linear sum of the individual



wrenches and improved by adding internal graspanges between pairs of fingers. Now the
contact forces can be calculated through a simpé&rixinversion. Another method for

obtaining the contact forces without matrix inversis also presented. This method fits very
well with the force closure technique presentefbinsince both are based on the primitive

contact wrenches.

1.4.3 Stability

When some external force is applied on the bodgetiesome disturbances produced in its
position, if the body come back to its desired posiafter the removal of the external force
then we say that the body is in stable conditiomusTgrasp should produce compensative
force when the body is moved from the desired mositNuygen in 1986 synthesized planar
grasps that are force-closure and stable with pmntacts with friction. The synthesis of
stable grasps constructs virtual springs at theacts, such that the grasped object is stable,
and has a desired stiffness matrix about its stafielibrium. The paper presents fast and
simple algorithms for directly constructing a stabdrce-closure grasp based on the shape of
the grasped-object. It develops a simple geomsgtation between the stiffness of the grasp
and the spatial configuration of the virtual spangt the contacts. Akira Nakashima &
Yoshikazu Hayakawa in 2011 dealt with the stab#gibalysis of an object grasped by fingers
with linear stiffness in the case where the graeifgct is considered. The analysis problem
was formulated as finding a condition of the ses parameters and contact points for the

position of the centre of gravity to exist suchtttiee grasp is stable.

1.4.4 Dexterity

Dexterity criteria provide a means to compare théability of different grasps. The

definition of dexterity is expanded here to includet just manipulability but ability to

8



achieve a certain condition. In other words, detsteneasures encompass both manipulation
and force-related criteria. Ji-Hun Bae et. al i©92nhtroduced a new control scheme on the
basis of referring to interesting observations vimian finger joint-motion for grasping and
objects manipulation in order to cope with thisadigantage and further afford dexterity and
agility in execution of imposed task. The method paly improves the speed of task
execution but also can be easily implemented intma®t hands with multi-joints fingers

that are required to enhance dexterity.

1.4.5 Compliance

Compliance is thalisplacement of a manipulator in response to aefanctorque. A high
compliance means the manipulator moves a good b&nwit is stressed. This type of
compliance is called spongy or springy compliah@av compliance is the stiff system when
stressed. Nuyen in 1987b introduced an algorithmcémstructing 2 order stable grasps.
The grasp compliance is modelled by virtual spriaigthe contacts points. The grasp is stable
if the resulting grasp stiffness matrix is positiefinite. Algorithms for achieving a desired
grasp stiffness matrix are presented in the stlithg. number and type of contacts are also
being considered. He also proved that all 3D foectesure grasps can be made stable,
assuming that the hand system must include a fércorapliance control system in it. This is
important for grasp synthesis because the syntr@gmithm does not need to include

stability analysis if the selected grasp configorasatisfies force closure

All the properties discussed above like Force aswequilibrium, stability, dexterity,
compliance are the required component for attainenggood grasp. The first three
components are required for the successful grasg.the remaining two properties are used

to measure the grasp capability to do some spdasic



1.5 Objectives

A major problem of fine manipulation is grasp s)edis is that with the given hand and an
object to be grasped, find feasible configuratiohshe hand-object system simultaneously
which vyield a stable and manipulable grasp. Hawagh properties on a grasp is essential,
not only to guarantee that the object is firmlychahd moveable in any direction, but also be
able to enforce additional properties like dynabebaviour . The following related problems

have been treated:

Problem 1 (Denavit — Hartenberg Method): Findindgnaand configuration that reaches a

specified set of contact points.

Problem 2 (Forward kinematics): Determine the maxmdistance between the thumb and

fingertip so as to know about the size of objeat ttan be grasped.

Problem 3 (Contact point synthesis): Finding appete contact points on the object, so that

any grasp on such points allows to firmly holdihg bbject.

Problem 4 (Fingertip force computation): Finding thingertip forces that are required to

balance a given external force applied on the objec

1.6 Dissertation Outline

In the next chapter, the study and analysis of softhe important literatures in the area of
the Grasping is done. The study prompted to cautyfusther research work in this area with
an objective to understand and analyse systenlgtited significance and development of
new idea related to grasping which will be effitieand easily understood by robotics

community. This study comes out with broad objesgiof finding alternative representations

10



of robotic grasping. Chapter 3 A detailed analystslifferent type of grasping and their

condition is being discussed. This will help in thenthesis part of the project. Chapter 4
describes about the workspace of the hand andzbe&the object that the hand can grasp.
In this chapter also the finger condition relatedfriction and the angle of force has been
discussed. Chapter 5 Synthesis part is done inctimpter. The force calculation and the
point of application of finger on the object arangecalculated. Chapter 6 The Result and
Discussion part of the work is given. Finally, Cteap7 concludes our work and describes

future extension of our work.
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2.1 Overview

Chapter 2

Literature Review

Works on grasping and fixturing have received itattention during the last two decades

and many works have been published by the researshece these two decades. The main

interest of researcher is in the grasp having FGlosure grasp. The object grasped is said to

be in Force closure when the grasp can resist xtexral wrenches and keep the body in

equilibrium and stable. A lot of literature surviegs been done regarding this area, some of

which are discussed as follows

2.2 Literature survey

Table: 2.1 Important Literatures related to Gragpin

force closure grasp.

SI | Author(s) | Yearn Tiltle Remark
1 | Van -Duc| 1986| The synthesis ofProved that not only the equilibrium
Nguyen stable force closuregrasp is a force closure grasp but also|the
grasp non-marginal equilibrium grasp is |a

12



Toru 1993 | Finger Position Shown that in a planar grasp, the
Omata Computation for 3 moment equilibrium equation can be
dimensional made linear by replacing each real finger
Equilibrium Grasps| by a pair of virtual fingers fixed at the
vertices of the region. They also
discussed about the finger positiopn
computation for 3-  dimensional
equilibrium grasps.
Murray, Li, | 1994 | A Mathematicall Summarized that for various contact
and Sastry Introduction to models to grasp an object three/four
Robotic contacts are sufficient for any 2D/3D
Manipulation. object with friction.
Jean ponce,1997| On computing four Proved the necessary and sufficient
Steve finger equilibrium| condition for equilibrium and force
sullivan and force closureclosure and also geometric
and grasp of polyhedral characterization of all the types of four
Attawith objects. finger equilibrium grasp.
sudsang
Ch. Borst| 1999 | A Fast and RobustShowed that for the real robot average
M. Fischer Grasp Planner forquality grasp is acceptable. They have
and G. Arbitrary 3D | also shown the statistical data that
Hirzinger Objects confirm their opinion that the
randomized grasp generation algorithm
is fast and suitable for robot grasping
Jia-Wei Li| 2003| A New Algorithm| Developed a new necessary and
, Ming-He for Three-finger| sufficient condition for 2-D three finger
Jin and Force-closure Graspequilibrium grasp. They implemented| a
Hong Liu of polygonal object.| geometrical algorithm for computing
force closure grasp of polygonal object.
Xiangyang | 2003 | Synthesis of Force-Presented a numerical test to quantify
Zhu, and Closure Grasps onhow far the grasp from losing force/fonrm
Han Ding 3-D Objects Basedclosure is. With the polyhedral

13



on the Q Distance approximation of the friction eotine
proposed numerical test was formulated
as a single linear program.

8 | B. Bounab, 2008 | Central Axis| Developed a new necessary and
D. Sidobre Approach for| sufficient condition to a achieve force
and A. Computing n- | closure grasp using central axis methad.
Zaatri Finger Force-

closure Grasps

9 | Nattee 2008 | Positive Span of Proposed a necessary condition for| n-
Niparnan, Force and Torquefinger force closure grasp which
Attawith Components in considers true quadratic force cane
Sudsang Three Dimensional without linearization. The condition
Prabhas Four Finger Forcefinds its use as a heuristic for multiple
Chongstitv Closure Grasps gueries force closure test.
atana

10 | M. Suhaib, 2011 | Contact Force Presented the optimization method | to
R. A. Khan Optimization  For| obtain the most stable grasp for| a
and S. Stable Grasp Ofnominated set of contact points on |an
Mukherjee Multifinger Robotic| object. The study concludes that the

Grippers stable grasp for a nominated set |of
contact points and loading condition |is
obtained at maximum friction angles and
minimum contact points.

Van-duc Nguyen (1986) had proved that a grasp ferce closure if and only if it can exert,

through a set of contacts, arbitrary forces and sm@mon the object. Hence the force closure

implies equilibrium because of zero force and mamegrspanned. He also proved that not

only the equilibrium grasp is a force closure grasp also the non-marginal equilibrium

grasp is a force closure grasp, if it has at leastpoint contacts with friction in 2D or 2 soft

finger contacts or three hard finger contacts in B2 also presented the fast and simple

14



algorithm for constructing the stable force closgrasp based on the shape of the grasped
object. Next he proved that all force closure greap be made stable by using either active
or passive springs at the contacts. The work ptesere fast and simple algorithm for

directly constructing the stable force closure graased on the shape of the grasped object.

Van-Duc Nguyen (19879eveloped a simple geometric relation between tiffeess of the

grasp and the spatial configuration of the virtsgaings at the contacts. He synthesized the
stable grasps that constructs virtual springs atciintacts, such that the grasped object is
stable, and has a desired stiffness matrix abswtéble equilibrium He presented fast and

simple algorithm for directly constructing stablagps in 3D.

B. Mishra et. al. (1987) assuming no static frictioetween the object and the fingers and
called it as positive grip. They studied three afigint cases. i) About the equilibrium
condition of the body. (ii) That the body is undeme constant external force or torque. (iii)
That the body is under varying external force ogue. They presented efficient algorithm to
synthesize such positive grips for bounded poly&lgolnlygonal objects and the number of
fingers employed in the grips were also syntheskaetheir algorithms matching the above

bounds.

Jeffrey C. Trinkle (1992) introduced and formulagedest as a linear program, which gave
the optimal objective value measure of how faraspris from losing the form closure grasp.
The planning for grasp and manipulation of slippebjects depends on the form closure
grasp, which can he managed regardless of thenakterce applied to the object. Despite of

its importance, no quantitative test for form cl@sgrasp for any number of contact points

15



was available they introduced that solution. Thet teas formulated for frictionless grasps

but they discussed how it can be modified to idgmfrasps with ‘frictional force closure."

Carlo Ferrari & John canny (1992) have formalized tjuality criteria, for planning optimal
grasp. The two criteria are the total finger formed the maximum finger force. The
formalization was done using various matrices acepf generalized forces. The geometric
interpretation of the two criteria leads to an@ént planning algorithm. He also had shown

the example of its use in 2 and 3 Jaw Grippers.

Toru Omata (1993) had shown that in a planar gitaspnoment equilibrium equation can be
made linear by replacing each real finger by a pawirtual fingers fixed at the vertices of
the region. Using such virtual fingers in 3D graspmlinear constraints still remain, but they
exhibit the same properties e integer requirement in an integer programmirgplem.
They also discussed about the finger position cdatjgin for 3-dimensional equilibrium
grasps. They proposed an algorithm based on theclvrand bound method and had
discussed the case where two fingers push the sagien and the case where the finger

contact used is a soft finger contact.

Brian Mirtich & John Canny (1994) considered thelgem of finding the optimum force
closure grasp of two and three dimensional objEeey had developed an optimal criterion
based on the notion of decoupled wrenches, and thsectriterion to derive optimum two
and three finger grasps of 2-D objects, and optintiure@e finger grasps for 3-D objects. The
algorithms presented for grasping convex and naw&o polygons, as well as polyhedral

were Simple and efficient.
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Venugopal Varma & Uri Tasch (1994) had introducegtaphical represeéation of the finger

force values and the objective function that, emaihe in selecting comparing various
grasping configurations. Compared to earlier grasgasures thahad been suggested by
other researchers the measure described by himnstimninfluence of the external force on

the grasp.

Antonio Bicchi (1994) introduced and discussed thacept of partial Form closure and
Force closure properties. He had also proposedgamithm to obtain artificial geometric
description of partial form closure constraintss Kiudy also proved the equivalence of force
closure analysis with the study of equilibria of @mlinary differential equation, to which
Lyapunov’s direct method was applied. These alll leaan efficient algorithm for the force

closure grasp.

Jean Ponce, Steve Sullivan and Attawith Sudsan@b(18ad proved the new necessary and
sufficient condition for equilibrium and force clog grasp and presented the all geometric
characterization of all possible types of four #ngequilibrium grasps. Then they have
focused on the concurrent grasp, for which the bheaction of the four contact forces
intersect at a point. In this case the equilibrinonditions are linear which reduces the
problem of computing the stable grasp region infigomation space to the problem of
constructing the eight dimensional projection ofedéeven dimensional polytope. They used
two projection methods the first one uses Gaussliamnation approach and the second uses

the output sensitive contour tracking algorithm.

Yan-Bin Jia (1995) proposed a numerical algoritbnesdmpute the optimal grasp on a simple

polygon, given contact forces of unit total magdéu Forces were compared with torques
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over the radius of gyration of the polygon. Theysumsed non-frictional contacts and
addressed a grasp optimality criterion for resggtan adversary finger located possibly
anywhere on the polygon boundary. The differencevéen these two grasp optimality
criteria were demonstrated by simulation with reswdvocating that grasps should be

measured task-dependently.

Martin Buss, Bdeki Hashimoto, John B. Moore (19psented algorithm that satisfied the
nonlinear friction force limit constraints which sv@quivalent to positive definiteness of a
suitable matrix Rcontaining contact wrenches and friction coeffitserand the remaining

constraints were linear constraints on P. They theeloped the method for grasp force
optimization for dextrous robotic hands. The altjoris allow us to easily accommodate the
various friction models of point contact with Conrb friction or soft-finger contacts. For the
soft-finger contact friction model, a linear andiptical friction force limit approximation

related to their previous work were used.

W. Stamps Howard and Vijay Kumar (1996) suggeshedcategories of equilibrium grasps
and establish a general framework for the deteroinaof the stability of a grasp. For the
analysis of the stability of the multifingered goathey had first modled the compliance at
each finger. They had also shown that the stabditya grasp is depends on the local
curvature of the contacting bodies, as well asntlagnitude and arrangement of the contact

forces.

Yun-Hui Liu, Mei Wang (1998) presented the qualtattest of 3D frictional form-closure
grasps of n robotic fingers as a problem of lingagramming. As we know one of the most

necessary and sufficient condition of force closynasp is that the origin of the wrench space
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should lie inside the convex hull of primitive caot wrenches. So as to find the condition
whether origin lies within convex hull, they hadygested a new method called Ray Shooting
Method which is dual to the linear programming peotn Finally they had experimentally

confirmed that real time efficiencies of the propdslgorithm.

R. Abu-Zitar, a. M. Al-Fahed Nuseirat (1999) deysd the new neural network architecture
to solve the arisen linear complementarity problemsiag inequality theory. They converted
the problem into a heuristic search problem utlizithe architecture and the learning
capabilities of a single layer two-neuron networke approach allows them to reach some
acceptable solutions for external force values thatnot have an exact solution, and
therefore, exact solution techniques usually failsblve. Their proposed neural network
technique found almost exact solutions in solvgiisitions, and very good solutions for
positions that Lemke fails to find solutions whéeamke is a direct deterministic method that

finds exact solutions under some constraints.

Andrew T. Miller, Peter K. Allen (1999) reporteduaique grasp analysis system for a given
3D objects. The analysis accurately determine trelhits pose, also the types of contacts
that will occur between the links of the hand ahd bbject, and finally computes the two
measures of quality for the grasp. These measwmrapare the stability of a grasp only. The
research was done on the simple grippers and athlys polyhedral objects. They use a

novel technique to visualize the 6D space usellesd computations.

Caihua et.al. (1999) proposed problem of grasp htyaanalysis of multifingered robotic
hand. In this study they presented the systemagithaa of grasp capability analysis which

was a constrained optimization algorithm. In thigtimization algorithm the optimality
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criterion is the maximum external wrench and thest@ints used is equality constraint to
balance the external wrench and the inequality tcain$ to prevent the slippage of the
fingertips, the excessive force over physical linaf the object. They formulated the problem
as non-linear programming which maximized the exdkwrench in any direction. The main
advantage of this method is that it can be useghore diverse field for example Multiple
robot arms, Intelligent fixtures etc. they havewhdhe effectiveness of proposed algorithm

with a numerical example of a trifingerd grasp.

Antonio Bicchi, Vijay Kumar (2000) surveyed thelfieof robotic grasping. The works done

in this area for past two decades were summarizéd i

Dan Ding et.al. (2001) presented simple and efficagorithm for computing a form-closure
grasp on a 3D polyhedral object. The algorithm cdess for a form-closure grasp from a
“good” initial grasp in a promising search directitihat pulls the convex hull of the primitive
contact wrenches towards the origin of the wrenghcs. The local promising searches
direction at every step is determined by the rayeihg based qualitative test algorithm
developed in in their previous work. As the aldamt adopts a local search strategy, its
computational cost is less dependent on the complex the object surface. Finally, the

algorithm has been implemented and its efficierey een confirmed by three examples.

Jia-Wei Li, Ming-He Jin andHong Liu [2003] developed a new necessary and sufficient
condition for 2-D three finger equilibrium grasphdy implemented a geometrical algorithm
for computing force closure grasp of polygonal cbj@he algorithm is simple and needs
only algebraic calculation. They have also shovendbmputable measure for how far a grasp

is from losing force closure.
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Ch. Borst, M. Fischer and G. Hirzinger (2004) pregub statistical data that confirmed their
opinion that a randomized grasp generation algorighfast and suitable for the planning of
robot grasping tasks. They showed that it is noesgary to generate optimal grasps, due to a
certain quality measure, for real robot graspingksa an average quality grasp should be
acceptable. They generated many gragpfilteredthem with simple heuristics calculation of

force-closure grasps. The method could be donefastywith easy implementation

Nattee Niparnan and Attawith Sudsang (2004) pragpdise approach that searches the force-
closure grasps from a collection of sampled poortsthe object’s surface. The proposed
approach could be implemented to large class gieshaf the object. The efficiency of the
approach arises from a heuristic search spacerguwiich is based on ability to efficiently
locate regions in three dimensional space wheotidn cones intersects and a randomized
test for checking force closure condition were dofide proposed approach was

implemented and the results were shown.

Xiangyang Zhu, and Han Ding [2004] presented a migaletest to quantify how far is the
grasp from losing force/form closure. With the gadgral approximation of the friction cone
the proposed numerical test was formulated asgeslimear programThey also developed
an iterative algorithm for computing optimal fordesure grasp by minimizing the proposed
numerical test in the grasp configuration spaces ploposed approach can be used for
computing force/form closure grasps in 3D objedith wurved surface and with any number

of contact points.
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Yu Zheng, Wen-Han Qian (2005) worked on the hawgdthre uncertainties in force-closure
analysis. The uncertainties like friction uncertgiand the contact point uncertainty have
disastrous effect on the closure properties ofpyrabe former uncertainty is quantified by

the possible reduction rate &f friction coefficients, while the latter is measd by the

radius p of contact regions. The force-closure tests witregk andp, the supremunp?®

of pwithout loss of force-closure, and th® —k curve are three emergent problems in this

respect. The first problem was solved by searcliimga non-zero consistent infinitesimal
motion using nonlinear programming technique. Téeoad problem was transformed to an
algebraic equation of one variable, to which theebiion method is applied. Using the two
algorithms, the last problem was readily settled &s result evaluates the overall tolerance
of a grasp to both uncertainties. In order to sdlve above problems efficiently, they
generalized the infinitesimal motion approach frlorm-closure to force-closure analysis.
This approach covers the three contact types aesl ot use linearization, and does not need
to compute the rank and the null space of the gnastpix. In the force-closure analysis, the
sets of feasible contact forces, feasible resulaenches, consistent infinitesimal motions,
and consistent functional movements are formulafdtey are convex cones and were

discussed systemically.

Jordi Cornell’'a Ra’ul Su"arez (2005) proposed a mathematical approach to efficiently
obtain the optimal solution of finding the suitalgeasping force for grasping the object.
They used the dual theorem of non-linear programgrfor finding the solution. The basic
requirements in grasping and manipulation of okjéxthe determination of a suitable set of

grasping forces such that the external forces argliés applied on the object are balanced
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and the object remains in equilibrium. The examplad been solved to show the efficiency

and accuracy of the proposed method.

B. Wang et.al (2005) used powerful 3D model reamiesibn of unknown objects with the
help of a laser scanner, simulation environmemngbat arm and the HIT/DLR multifingered
robot hand. The object to be grasped were scabyed3D laser scanner and reconstructed
in simulation scene. After different grasping waslaated within the simulation scenes, an
accurate arm and hand configuration were calculateccommand the robot arm and
multifigered hand. The experimental results strgnglithenticate the effectiveness of the

proposed strategy.

Yu Zheng et. Al. (2006) presented an advanced hapting approach to force closure test as
that was presented by Liu in 1998. This paper ecgmthe above approach in three aspects.
Firstly the exactness was completed in order tadatrouble or mistakes, the dimension of
the convex hull of primitive wrenches were taketoiaccount, which was always ignored.
Secondly the efficiency was increased as the siovtbich skips some steps of the original
force closure test was found. Lastly the scope exdended yielding a grasp stability index
suitable for grasp planning. The superiority wasvan with numerical examples in fixturing

and grasping.

Thanathorn Phoka, Nattee Niparnan and Attawith &ugi$2006] proposed the approach that
searches the optimal grasp from parametric cun2Dobbject or parametric surfaces of 3D
objects. The search method is based on the cont€ptistance which can guide the search
direction to better solution. They used geneticoatm to find optimal grasp by directly

using the computation of Q-distance as a fitnesstion. This approach can be applied to
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plan optimal force-closure grasps on 2D and 3D edirgbjects with three and four contact
points respectively. The proposed method is efiicieecause it does not utilize the structural

knowledge of objects as in random search method

M aximo A. Roa et.al (2007) presented geometrippr@ach to compute force closure (FC)
grasps, with or without friction and with any numloé fingers. They discretized the objects
surface in a cloud of points. Hence the algoritlsmapplicable to objects of any arbitrary
shape. With this geometrical approach one or moreefclosure grasps could be obtained,
which embeds the FC test in the algorithm to sipchieving the force-closure property.
This initially force closure grasp obtained wergmved with a complementary optimization
algorithm. The grasp quality was measured consigdtie largest disturbed wrench that the
grasp can resist with independence of the distudiredtion. The both algorithms efficiency

was illustrated through numerical examples.

B. Bounab et. al (2008) introduced a new necesaady sufficient condition fon-finger
grasps to achieve force-closure. They demonstthedch grasp is force-closure if and only if
its wrench can generate any arbitrary central &gy reformulate the force-closure test as a
linear programming problem without computing thenaex hull of the primitive contact
wrenches. Therefore, they present an efficientrdtga for computingn-finger force-closure
grasps. Finally, they have implemented the propadgdrithm and verified its efficiency

through some examples.

Nattee Niparnan et. al. (2008) proposed a methadidering the true nonlinear friction cone,
that can be used as a filter that quickly reject favce closure grasps. The method satisfies

the condition of a force closure grasp must thathes ability to generate wrenches that
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positively span the force space and the torqueespgaparately. An efficient method for
testing the condition was developed based on atysamaof the geometric relationship
between the friction cones and the force and tospsees. The superior speed of the test
method increases the overall performance of théoadetin their experiment, speed up factor
of 20 or greater was achieved when tested a lang#ar of grasps on various test objects.
The efficiency and effectiveness of the filteringpeoach were demonstrated in numerical

experiments involving force closure testing of @é&number of grasps.

S. S. Ohol, S. R. Kajale (2008) presented enhagrasp ability with better sensors backup,
which enable the robot to deal with real life sitoas. As the required task for the robots has
become very much complicated because of handliagkjects with various properties e.g.
material, size, shapes, mass etc. and the physteahction between the finger and an object
is also one of the complications in grasping. Eu@asping the object with slippage. They
discussed about the Design procedure, solid modelfrorce analysis and simulation for

confirmation of the viability.

Sahar El-Khoury, Anis Sahbani (2009) dealt with dieenonstration that wrenches associated
to any three non-aligned contact points of 3D disjdorm a basis of their corresponding
wrench space. The result obtained permits the ftaton of a new sufficient force-closure
test. Considering the number of contacts greatar tbur any general kind of object could be
dealt with this method. They developed the corredpway algorithm for computing robust
force-closure grasps and the efficiency was comdnby comparing it to the classical

convexhull method.
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Belkacem Bounab et. al. (2009) developed a newssacg and sufficient condition for n-

finger grasps to achieve force-closure propertystability. They reformulated the proposed
force-closure test as a new linear programminglpropwhich were solved using an Interior
Point Method. Simulated Annealing technique wasduse synthesizing suboptimal grasps

of 3D objects.

Robert Krug et. al. (2010) paper introduced a paizhble algorithm for the efficient
computation of independent contact regions, unkderassumption that a user input in the
form of initial guess for the grasping points. Tgreposed approach works on discretized 3D-
objects with any number of contacts and can be wa#d any of the following models:
frictionless point contact, point contact with fram and soft finger contact. An example of
the computation of independent contact regions c@ng a non-trivial task wrench space

was given.

A. Sahbani et.al. (2011) reviewed the papers whachsed on the mechanics of grasping and
the finger—object contact interactions or robot chaesign and their control. Robot grasp
synthesis algorithms have been reviewed and impompeogress made toward applying
learning techniques to the grasping problem was @entioned. The overview focused on
analytical as well as empirical grasp synthesisr@gghes. By reviewing the works, they
concluded that force-closure analytical approadires stable but not task-oriented grasps.
Task-oriented analytical approaches suffer from c¢bmputational complexity of the task
requirement modelling and Empirical systems basethe observation of humans, overcome
task modelling difficulty by imitating human grasgi gestures. For Finding a task
compatible grasp, for a new object is still an opeoblem. A possible solution given by

them was to learn tasks/features mapping, i.eeaonl and identify object features that are
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immediately related to the object corresponding.tdfius, when a robot encounters a new
object, it will be able to autonomously identifyleeant features and consequently identify

the object corresponding task.

M. Suhaib et.al. (2011) dealt with the theory cdigping of internal forces and formulated in
the form of equal and opposite pairs of forcesngcéllong the lines of contact that was used
to selectively orient the net force vector. A gragpation, which satisfied that condition, is a
stable grasp. This Paper presented the optimizatgthod to obtain the most stable grasp for
a nominated set of contact points on an object. &halibrating forces have been calculated
on the basis of algorithms developed. The valuefsicdfon angles were optimized so as to
satisfy the condition of stable grasp. The studyctudes that the stable grasp for a
nominated set of contact points and loading conwlits obtained at maximum friction angles
and minimum contact points. A humerical computabdthe friction angles offers efficiency

of the theory for the entire analysis.

2.3 Summary

This chapter presented a reviewed general appredoh&ynthesize grasps. Grasp properties
used to judge the acceptability of a grasp werarségd into five categories: force closure,
equilibrium, stability, dexterity, stability and wpliance. Many analytical techniques,
conditions and examples were surveyed from thealiiee which illustrates the complexity of
evaluating an individual grasp and selecting thenogm grasp from a large grasp solution
space. Several journals showed empirical approadrasp synthesis how this complexity
could be avoided by mimicking human grasping sgiate Many methods for achieving
force closure grasp are reviewed and key issueadplying this method to grasp synthesis
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are identified which resulted in defining the olbjee of the present work in a precise manner

and the same is presented at the end of the literat
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Chapter 3

Grasping Preliminaries & Mathematical
Background Analysis

3.1 Overview

For achieving the desired task of grasping anyawpjets of complication is there in the

calculation. So, one should be very much thorougduaithe terms, theory and the condition
of grasping. In this chapter all the introductoeyts like definitions, contact models etc. have
been analysed. Along with this various mathematieadkground related to contact models,
wrench, wrench space, friction cone etc. are gs@ras to help in the calculation part. To
achieve force closure grasps various propositi@hcamditions given by different researchers

have been discussed.
3.2 Definitions
Definition 1: A grasp is a set of contacts which enables to boide object.

Definition 2: A contact is a position of finger placed on thgech Therefore, information
regarding the contact type, number, size and slaqukthe local object surface properties are

required to determine a grasp.
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Definition 3: A force applied by each finger on the object grasp force;f In the case of a
frictionless contact type, the grasp force actei@lthe contact normal. If not then the grasp

force §f must satisfy coulomb’s law [44], to ensure noing at the contact

JBZ+ 12 < f, e e (B.)

Where (f, fy, fiz) denotes x, y, z components of the grasp forgetfie object coordinate
frame andu the friction coefficient.

Definition 4: The above equation (3.1) shows the nonlinear canstvhich geometrically
defines a cone called friction cone.

For solving the problem of related to friction, tinetion cone is linearized by a polyhedral

convex cone with m sides as shown in fig. 3.1.

Grasp force f.
Friction
——
Contact
Object

Figure 3.1: The grasp forceih a linearized friction cone

Under this approximation, the grasp force can pbeasented as:
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Where a; represents the j-th edge vector of the polyhetalvex cone. Coefficients;; are
non-negative constants.
Definition 5: A wrench, w, is the combination of both, the force and theueror moment,

corresponding to the grasp forge f

W =Uj=(r ! fij ............................................................... (3:3)

Wherer; denotes the position vector of th2 grasp point in the object coordinate frame

which is at the centre of mass.
Definition 6: W is a 6 x nm matrix called wrench matrix (for 8Djects) where its column
vectors are the primitive contact wrenches. Whenasthe total number of primitive contact

wrenches applied at the object by n fingers.

Lo | I |
w=| * 1 T e s (3.4)
ry X1y Xgennnnr, %1

3.3 Contact M odels

A contact between a finger and an object can beritbesl as mapping between forces exerted
by the finger at the point of contact and the rmasulwrenches at some reference point on the
object i.e. the centre of the object. One moreghirat is taken for the convenience is that z-
axis of contact coordinate frame is always chosdhe direction of inward surface normal of
the contact point. So the force applied is alwaythe z-direction. The force applied by the

contact is displayed as a so called 6-dimensionah@h with force and torque component.
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3.4 Types of contact

For grasping the object several kind of contact e®dre present. The two main aspects that
have to be taken into the account are that wheltleefriction between the finger and object is
taken or not and whether the finger is a soft daad finger. On this basis contact model it

can be mainly classified into three:
i) Frictionless point contact (FPC)
i) Point contact with friction (PCWF)

iii) Soft finger contact (SFC)

3.4.1 Frictionless point contact: Frictionless point contact as shown in fig. 3.2¢ahe
contact model in which there is no friction betwelea finger and the object. Hence the force
applied is always in the direction normal to thefate of the object. The representation of

the wrench of this model is given by the eqn.

0
0
|1l fdzo, e (35)
Fm 0 c
0
_0_
Where,
.= Wrench

f = Force applied in normal direction

cl

3.4.2 Point contact with friction: In this kind of contact model there exist friction

between the finger and the object as shown inJig(b). By using the coulomb friction
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model we can show that how much force a contactapguty in the tangent directions to a
surface as a function of the applied normal foides range of tangential forces which can be

applied at a contact is given by the eqn.

<uf e e .. (3.6)

Where,

f ' = Tangential force

n
f =Normal force

1 = Coefficient of friction
With friction all forces lie within the friction awe around the surface normal can be exerted.
The cone angle with respect to normal is defined asan™ 4.

The wrench of the PCWF can be written as

! ci
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Where,

FC.=1{f OR’ -\ f.2+ 1, < i, 1,20}

3.4.3 Soft finger contact: This type of contact is like PCWF one additionahghthat is

added is a torque around the normal applied irctimtact point as shown in fig. 3.2(c). The

wrench that is applied is given by the equatiofoilews
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And the friction cone becomes

FC,={fOR* {12+ 2 < pf,, f,20|f,|< )t}

Where )0 is the coefficient of torsional friction.

A7

Figure 3.2: Finger contact models: A - hard-finfyetionless, B - hard-finger with friction,
C - soft-finger.

3.5 Grasp Wrench Space

Any force acting at a contact point on the objdsb areates a torque relative to reference
point r that can be arbitrary chosen. Often thearesf mass is used as that reference point to
give it a physical meaning. These force and tonpators are concatenated to a wrench. A
grasp wrench space (GWS) is characterized by thef serenches that can be applied to the
target object from the contacts of a grasp, giveram limitations on applied forces. The
grasp wrench space is bounded by the convex htileo€ontact wrenches formed from unit
applied forces at the contact of the grasp [5]. [Emgth of applied forces is normalized to a

unit force as each finger is assumed to apply éneesmagnitude of force. Note that only the
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contact model and contact locations on the objectactors in determining the grasp wrench

space. The configuration of the hand is not adéeasd does not even need to be defined.

3.6 Friction

Frictionless contacts are purely theoretical betytban serve as a useful model for contacts
in which the friction between the finger and thgegbis low or unknown. Since a frictionless
contact cannot exert forces except in the normrakction, modelling a contact as frictionless
insures that we do not rely on frictional forcesewhwe manipulate the object. But in real
practiseany two surfaces in contact can support some ameofufftiction, which acts to
oppose force components within the tangent plamg. @ontact with greater than zero area
uses friction to resist moments about the contactmal. The limit on the size of the

tangential

Figure 3.3: Force (f) must lie within a frictionre®to prevent slippage.
Frictional forces that can arise at a point cont@a& most commonly determined using

Coulomb's model, which states:
Where, {is the tangential force component,d the normal force component, apdis the

empirically determined coefficient of friction. the condition is not satisfied then slipping

occurs. When working in 3 dimensions, this can aksaevritten as:
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24 E2S U2 (3.10)

Where, £ and { are perpendicular force components within the ¢ahglane. From this
equation, it is apparent that the forces that mayapplied at the contact lie within a cone

aligned with the contact normal, commonly knowraasiction cone. The half angle of this
cone istan™ g as shown in figure 3.3.

The different values of static friction is showntire table 3.1 that could be taken for solving

the problem of grasping

Table 3.1 Values of static friction [50]

Steel on steel 0.58 Wood on wood 0.25-0.5
Polyethylene on steel 0.3-0.35 Wood on metals 0.2-0.6
Polyethylene on self 0.5 Wood on leather 0.3-0.4
Rubber on solids 1-4 Leather on metal 0.6

3.7 Analytical grasp analysis

Analytical grasp analysis relies on mathematicatiet® of the interactions between the object
and the hand. The determination of the propertiesgiven grasp using the laws of physics,
kinematics and dynamics is the analytical graspyarsa The versatile structure of the multi-

fingered hand and the various numbers of condittbas has to be satisfied for good grasp
increases the complexity of the analysis. As tham large numbers of range, for the
exploration of feasible grasp, the grasp has teyehesized in order to find a grasp that
satisfies the required properties. One of the madditional complexities in this process is the

number of feasible solution. Most of the literattimat has been reviewed concentrates on the
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analysis of grasps. In most cases, the scope drthkysis is restricted to a particular grasp

property but this can be extended to much more.

3.7.1 The Goal of a Grasping Strategy

We say that a grasp is stable if any disturbantehe object position or finger force
generates a restoring wrench that tends to briegylstem back to its original configuration.
Always our first goal of grasping is the strategyehsure stability. Nguyen [2] introduces an
algorithm for constructing stable grasps. Nguyeso @roves that all 3D force closure grasps
can be made stable. A grasp is force-closure wiheffingers can apply appropriate forces on
the object to produce wrenches in any directiomegist some external disturbing wrench.
This condition may be confused with form-closuréneTform closure induces complete
kinematical restraint of the object and is obtaimdden there is no relative motion between
the palm and the object which ensure the complet@ability of the object. Bicchi [9]
described in detail about these conditions. Hesiadility is a necessary but not a sufficient

condition for a grasping strategy.

Grasping strategy

\ 4 \ 4

Task Oriented @

Figure 3.4: strategy to grasp Object

Adaptable to
new objects

When we have to grasp any object, we have someigaair mind or a task to accomplish.

Thus, for the successful performance of the tdskgtasp should also be compatible with the

37



task requirements. For a grasping strategy, thedasnted computation is crucial. Because
of the variety in the shapes and sizes of the tdjec grasping strategy should always be
prepared to grasp new objects. Thus, a graspirgeglr, as shown in (Fig. 3.4), should
ensure stability, task compatibility and adapt&pito novel objects. In other terms, a grasp
synthesis strategy should always have an ansvibetmllowing question: How and where to

grasp a novel object in order to accomplish thérel@sask?

3.7.2 Minimum number of contacts Required for Grasping

One of the first decisions that we take while gimagphe object is that how many fingers are
required for grasping that particular object? Tpiaces a lower bound on the number of
fingers which we have to include for grasp. Thesgras mainly classified into two types
firstly the Form closure and the Force closure. mbmber of fingers required for getting a
form or force closure grasp depends on the typmofact considered between the finger and
the object. In the study it was concluded thatimim 4 to 7 numbers of fingers are required
for frictionless grasp to get Force Closure graspD and 3D objects, respectively, for objects
without rotational symmetry i.e planar objects [Bpr objects with rotational symmetry like
sphere, it is not possible to obtain Force Clogmasps using only frictionless point contacts.
Frictionless and frictional grasps were also stuidieom the geometrical point of view,
concluding that for frictional contacts -frictionabint contact and soft finger contact - 3 and 4
fingers are sufficient to get Force Closure graspany 2D or 3D objects, respectively, which
are independent of the friction coefficient. Howevi@ many cases and depending on the
particular object and the value of the friction fficeent, it is possible to get FC grasps with a
lower number of fingers — even with 2 fingers fastb 2D and 3D objects [2]. These

frictional bounds were lowered by one contact daciMirtich and Canny [8] who predicate
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the rounded finger tips to provide continuity t@ ttontact normals around the boundary of
the object. Table 3.2 summarizes the lower boumdthe number of fingers required to get

FC grasps in any 2D or 3D object.

Table 3.2: Lower bounds on the number of fingeggiired to grasp an object. [50]

Space Object type | Lower | Upper | FPC | PCWF SF
Exceptional 4 6 n/a 3 3

Planar

(p=3) Non-exceptiona 4 3 3

Spatial Exceptional 7 12 n/a 4 4

(p =6) Non-exceptiona 12 4 4
Polyhedral 7 4 4

3.7.3 ForceClosure/ Form Closure Grasp

When the grasp is in any one of the condition; Ferm closure (or complete kinematical

restraint) or Force closure i.e., the fingers eesuhe object immobility then it can fulfil the
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condition of resisting any external disturbancesvognches in any direction to compensate
any external wrench applied on the object up téagedimit of magnitude. In 1995 Bicchi
described the condition in detail. In 1993 Poncaratterized the force closure grasps of 3D,
polyhedral objects for hard finger contacts. Theessary linear conditions for three and
four-finger force closure grasps were formulatedl amplemented as a set of linear
inequalities in the contact positions. Analyses evémited to polyhedral objects and

concentrated on producing independent regions mfcb for each finger.

3.8 Forceclosure

As discussed above about the stability and the podatility of the hand it is clear that these
properties must be there for any kind of grasp@ge of the most the important property of
hand during grasping is the ability to balance disturbing external object wrenches by
applying suitable finger wrenches at the conta@ttgoFor example, if we have to move an
object from one place to other with a multifingeteahd, we must be able to exert forces on
the object which should hold the object until tasktis over. For this force applied should be
in opposite direction to gravity and also dependinghe task, we have to resist wrenches in
other directions. This is complicated because we ha insure that the applied finger forces
remain in its position all the times so as to awigpage of the fingers on the surface of the

object.

3.8.1 Formal Definition

If a grasp can resist any applied wrench, we satydtich a grasp is force-closure. Precisely,
we make the following definition that a grasp ifoece-closure grasp if given any external
wrench applied to the object, there exist contaotes such that the body is in equilibrium
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condition. One of the important features of a fect®sure grasp is the existence of internal
forces. An internal force is a set of contact ferednich result in no net force on the object. It

can be used to insure that contact forces satigfyoin cone constraints.

3.8.2 Reformulation of the Force-Closure problem

Research on Force-closure received a lot of attenduring the last two decades. Many
researchers proposed many necessary and suffaoaditions of the force-closure, but only
few considered 3D objects grasping due to theirglmated geometry and high dimension of
the grasp space. Some of the researcher consigeigdedral 3D objects [2, 10], while

others considered smooth curved surfaces [21] mctbmodelled with a set of points [31].
Nugyen [2]: Nguyen studied force-closure grasp9aifyhedral objects and proposed the

following necessary and sufficient condition:

Figure 3.5: Grasp with two soft finger contact fsif2].

Proposition 1: A grasp having two soft-finger contacts is foréesare if and only if the
segment BP,, or RP;, joining the two points of contact Bnd B, points lies strictly into and
out of the friction cones respectively at P, (Fig. 3.5). Another important result proposed

by Nguyen is:
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Proposition 2: If a grasp achieves non-marginal equilibrium wathleast two distinct soft-
finger contacts, then that grasp is force-closure.

One of the closest related properties of forcewkss equilibrium. Equilibrium indicates
that the net resultant wrench of the system shbeld zero vector. A grasp is in equilibrium
condition when it is possible for the contactsh grasp to exert wrenches such that the net
resultant wrench is zero vectors. Formally, a grasgaid to be an equilibrium grasp when

Equation (3.11) has a non-trivial solution.

n

DAW S0 s (3.11)

i=1

Probably, a grasp that achieves force closuress ah equilibrium grasp. However, the
inverse may not be true. In the case of frictiammitact a special class of equilibrium grasp is
present called non-marginal equilibrium. A grashi@eges non-marginal equilibrium when
the wrenches achieved equilibrium, are not the ehres associated with the boundary of the
friction cone. Hence it means that any equilibrigrasp is also a force closure grasp having
greater frictional coefficientThis condition was proved by Nguyen in 1988. Hevaab that

a 2D two finger non-marginal equilibrium grasp liscea force closure grasps. Ponce et al., in
1995 and 1997 given the same suggestion considgrengase of 2D three finger grasp and
also in the case of 3D four finger grafipseems that non-marginal equilibrium implies forc
closure but it is not always true for any numbefimgers. For example a 3D two finger non-

marginal equilibrium grasp does not achieve foloswre grasp.

Nattee Niparnan (2007) had analysed the force mosuterms of wrench space, which
describes that grasp achieves force closure wisemgrdasp wrench set covers the entire
wrench space. Positively spanning property is @efito describe that the positive span of a

vector set covers the entire space. The authoridedahat:
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Definition 1. (Positively Span) the set V of n-dimensional vegositively spans Rwhen
SPAN(V)=R"

The force closure property can be defined using mlegion of positively spanning,
particularly, a grasp achieves force closure wheenehes are related to it, i.e., the primitive
contact wrenches generates the polyhedral convas which positively span their particular
wrench space (For planar grasp 3D wrench and 6Dhachirespace in case of 3D grasp).

Another important definition given by Niparnan is:

Definition 2: (Force Closure) A grasp, whose primitive contactreehes form the set W in
R", is said to achieve force closure when SPAN) positively span R

Force closure property is defined over a set oforeice., wrenches, associated with a grasp,
it is more appropriate to say that a set of veatdneves force closure, even though a set of
vector cannot achieve force closure exactly. Hemeean say that a set of wrenches achieves

force closure if a grasp whose associated set fietres positively span’R

3.8.3 Condition of Force Closure

The force closure property is defined using thetpedy spanning of wrench space notion.
Still, it is indefinite to declare whether a setwafttors positively span a space. Some of the
well-known conditions that assert on positively rapiag of a set of vectors and some
conditions of Force closure are shown in this divis Mishra et al. in 1987 related the
positively spanning set of vectors with a convek bfithe vectors. He showed that a set of
vectors W positively span a space when the orifith@® space lies strictly inside the convex

hull of W. Hence the following proposition is conded by the author:
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Proposition 3: A set of wrenches W in "Rachieve force closure when the origin lies in the
interior of the convex hull of INT (CO (W)).

The above proposition converts the force closusting problem into a computational

geometry problem. A direct way of solving the pehlis to compute the convex hull of the
primitive contact wrenches and directly show thaether the origin lies inside the interior of

the convex hull. From this approach Nattee Niparf2297) identified that if a half space is

through the origin that contains all primitive cact wrenches, the primitive contact

wrenches cannot positively span the space and peojpihat:

Proposition 4: A set of wrenches W do not positively spahifRhere exists a vector v such

that the closed half space H(v) contains every alien W.

The above proposition 4 provides a general metlwdfdrce closure declaration. This

method given by the above proposition is applicablany dimension for any number of
contact wrenches. In some case where few conteeteequired in small dimensions, there
exist conditions that need no specific calculatainthe convex hull which allows more

efficient implementation. Few of the conditions givby Nattee Niparnan (2007) are listed

using positively spanning notation as follows:

Proposition 5: Necessary and Sufficient condition for three 2[xtoes w, W, and wg
positively span the plane when the negative of @hese vectors lies in the interior of the
polyhedral convex cone formed by the other two mesct

This proposition can be easily extended to covercdBes as follows. Figure 3.6 shows the

example of Proposition 5.
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b)

Figure 3.6: (a) Three vectors satisfying ProposiBo The dashed lines represent the negative of

vector. (b) Three vectors do not satisfy Proposibo[33, 35]

The work of Ponce et al. [10] was extended by laletn 2003 [23] for polygonal objects put
forward necessary and sufficient conditions foirgiéred force-closure test of 2D objects.
They broke the problem of three-finger 3D graspshtd in the contact plane as done in a
planar grasp problem and that in the direction @edgular to the plane. Thus the 3D
problem is reduced to 2D problem. Since three-fingesp that achieves non-marginal

equilibrium also achieves force closure, the atlpwopose that (Fig. 3.7):

Figure 3.7: Three-finger grasps. (a) Equilibrium bot force-closure grasp. (b) Nonmarginal

equilibrium and thus, force-closure grasp. (c) Bigtilibrium grasps [23].
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Proposition 6: A necessary and sufficient condition for the estise of three nonzero
contact forces which achieve equilibrium for 2D eaftg, not all being parallel, is that there
exist three forces in the friction cones at confamnts which positively span the plane and

whose lines of action intersect at some point.

Proposition 7: A three-finger 3D grasp achieves force closuranfl only if there exist
contact plane S and contact unit vectors nl1l, mP4d, n22, n31 and n32 that are the
intersection of the three friction cones with S d@hd contact unit vectors construct a 2D

force-closure grasp in S.

Ponce et al. in 1993 extended the work of Nguydnd2he case of 3 fingers. They gave a
new geometric characterization to force-closuresggraf 3D polyhedral objects with three
fingers and four fingers. Assuming hard-finger emtntand coulomb friction, the authors

showed that:

For threefingers
Proposition 8: A grasp in the presence of friction, a sufficiecandition for three-

dimensional n-finger force-closure wither3 is non-marginal equilibrium.

Proposition 9: For three points necessary condition to form adearosure grasp is that there

exists a point in the intersection of the planarfed by the three contact points with the

double-sided friction cones at these points (Fig§).3
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Figure 3.8: Grasping a polyhedron with three faotl fingers [7].

Proposition 10: A sufficient condition for three points to formfarce-closure grasp is that
there exists a point in the intersection of thee¢hppen internal friction cones with the

triangle formed by these contact points as showsign3.8.

For four fingers

Proposition 11: A necessary condition for four points to form actclosure grasp is that

there exist four lines in the corresponding dowgatked friction cones which should intersect
in a single point, form two flat pencils havingiag in common but lying in different planes,

or form a regulus (Fig. 3.9).

(a) (c)

Figure 3.9: Four-finger grasps. (a) Four intersertines. (b) Two flat pencils of lines having
a line in common. (c) A regulus [7].
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3.9 Summary

In this chapter all the preliminaries that is usedrasping is discussed, which enable us to
know about the various terms used in grasping.hleuarit gives us information about the
requirement of friction, the number of points ofntact, wrench and about the various

condition that are required for a good grasp oFibkee closure grasp.
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Chapter 4

Workspace Analysis

4.1 Overview

The objective of this chapter is the representabbrine workspace of the finger and to
calculate the size of object that can be graspedenithe virtual human hand touches or
grasps any object, it needs to know if the objedteasible for the virtual hand, i.e., if the
object is in the workspace of the hand. Along witiis the chapter contains the finger
configuration condition which describes about tffeat of friction on force and also about

the effect of the angle of force on the force thdieing applied on the object.

4.2 Modeling of Hand

Since multi-fingered robot hands are designed tbstute the human hands, most

anthropomorphic robot hands duplicate the shapefamttion of human hands. The size of

the hand is a significant part in the research. Admed can be directly attached to the end of
an industrial robot arm or play a role in the phhesic applications. The structure of the

fingers of human hands is almost the same and emEmt, as shown in Fig.4.1. The finger

segments in human hand give us the inspirationegigd an independently driven finger

segment to construct a whole finger. The segmdeatgths of the thumb and fingers are

taken proportionately to hand length and hand kiheatth a fixed wrist. Typically the hand

mechanism is approximated to have 27 DoFs, whidsists of 25 DoFs at different joints of
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the fingers and 02 DoFs at wrist. In the presardysthe wrist is considered as a fixed origin.
Hence, only 25 DoFs are considered. The thumb ideted with 5 DoFs. The index and
middle fingers are modeled with 4 DoFs each. Thg &nd little fingers are modeled with 6
DoFs each considering two degrees of freedom eaddMC joint for palm arch. The
Trapeziometacarpal (TM) joint, all five Mecapophajaal (MCP) joints and two CMC joints
are considered with two rotational axes each fath babduction-adduction and flexion-
extension. The Distal- Interphalangeal (DIP) joiatsthe other four fingers possess 1 DoF
each for the flexion-extension rotational axes. Tianb and other fingers’ parameters are
tabulated in Table 4.1 and Table 4.2 respectivelgimulation study of the kinematic model
of the hand is carried out to test and validate design and to consolidate the result
considering the anatomy and anthropometric dathuohan hand. As there are no exact
anthropometric data for the segmental lengths @htiman hand, the estimated measurement
are considered which are expressed in terms ofidhe length and hand breadth. The joint
limits are also considered for different joint bésen literature. A kinematic model,
characterized by ideal joints and simple segmeastsleveloped to calculate the fingertip
position as well as the work space. Given the jairgles, the fingertip position in the palm
frame is calculated by the kinematic model. The &&rHartenberg (DH) method is used to
represent the relation between the coordinate isigséand to determine the DH parameters for
all the fingers. The global coordinate system fandhis located in the wrist assuring the
transfer from a reference frame to the next onegemeeral expression of the matrix. The

transfer matrices are written for all fingers sepaly.
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«—DIP Joint
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PIP Joint
IP Joint _
m— MCP Joint
leT 7
MCP Joint
—_—
CMC Jomt

Figure 4.1: Kinematic model of human hand.

4.2.1 Anthropometry Data and Joint Limits

The estimated measurement of the members of the dr@ given in table 4.1 and table 4.2,
where HL is Hand Length and HB is Hand Breadth[4Te joints limits of human hand are

considered form literature [48].
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Table 4.1. Segment Length for Metacarpal Bones

Finger Metacarpal bones Link
Thumb 0.251HL Lot
Index J (0374% HL)? + (0126* HB)> L
Middle 0.373HL Lowm
Ring J (0336 HL)? + (0077* HB)? Lar
Litde J (0295* HL)? + (0179* HB)? Lo

Table 4.2 Length for Phalangeals

Finger Proximal Link] Middle Link Distal Link
Thumb 0.196HL| Lar - - 0.158*HL Lst
Index 0.265HL L3 [0.143"HL L4 0.097*HL Ls,
Middle 0.277HL| Lsu[0.170*HL Lav | 0.108*HL Lsm
Ring 0.259HL| L3r|0.165*HL Lar 0.107*HL Lsr
Little 0.206"HL| L3 |0.117*HL LaL 0.093*HL Ls.




4.2.2 Locating the Finger Tip

A kinematic model is developed to calculate thgédinip position. Given the joint angles, the
fingertip position in the palm frame is calculategthe kinematic model. The DH method is
implemented to determine the DH parameters fothallfingers. The coordinate systems are
located along each joint; a global coordinate sydi@ hand is located in the wrist as shown
in Fig.4.1. Assuring the transfer from a referefraene to the next one the general expression

of the matrix can be written as follows:

[cogy -simjcosr singsim L cosj |
sing cosgjco®; -—cossin L sim
0 sing; CO%, d

| 0 0 0 L, (4.1)

i—l-I-i =

By multiplying the corresponding transfer matricestten for every finger, the kinematical
equations describing the fingertip motion with msspto the general coordinate system can

be determined.

4.3 Motion Study through Simulation

A computer program using these equations in MATLAR-is developed to capture the

motion of the fingers. 3D model workspace is ol#din
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Z-axis(in o)
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(a) (b)
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m
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(d)

20
5
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Figure 4.2: Workspace of the five fingers with stijpint as the reference
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Every joint variable range is divided to an appiajgr number of intervals in order to have
enough fingertips positions to give confident inm@out the spatial trajectories of these
points. By connecting these positions and the cermglirface bordering the active hand. The
complex surface could be used to verify the modelectness from the motion point of view,
and to plan the hand motion by avoiding the calhsi between its active workspace and
obstacles in the neighbourhood. Using Eq. 4.1 aleith the parametric data of human
fingers presented in Table 4.1 and Table 4.2 timepbex surface described by each fingertip
is generated. In all the cases each angular rangjgided into equal divisions. The profile of
the independent finger tips are generated spatidHpwever, for the purpose of
understanding and simplicity, these are presemettY, X-Z and Y-Z planes in Fig. 4.2(a),

4.2(b), and 4.2(c) respectively. The profile of timger tips is presented in Fig. 4.2(d).

4.4 Force-Closure Space and Convex Hull of Hand

The contact space is the space defined by N paeasntitat represent the grasping contact
points on some given edges of an object. Giverctimtact edges there is a univocal relation
between the torques produced by the unitary nofoneés and primitive forces and the exact
contact point. Thus, the parameters used in thoempto define the contact space are the
torques produced by unitary normal forces whertifndess contacts are considered and the
torques produced by the unitary primitive forcesewHriction contacts are considered. The
force-closure space (FC-space) is the subset otdh&act space where FC grasps can be
obtained. A methodology to obtain the FC-spacéasihion of a set of convex subspaces is
presented in this section. Besides, the approacielajged here determines additional
information on the finger forces that is quiteefus in the determination of the independent
regions.
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Convex hull

Figure 4.3: Maximum size of objects consideringwekspace of the hand
The figure (Fig 4.3) shows the space (convex hailthe hand which decides the size of the
object that can be grasped. The outermost ciratevshn dotted line in the figure is the
convex hull of the hand. The other figure inside tircle are the objects that can be grasped
within the given size range. If the object is atoleesist that pull force or some external force

then we can define that object is in force closumedition.

4.5 Thumb and Finger moment and the size of the object that can

be grasped

It is of great importance to know which kind of el the hand can grasp. The type includes
the size, weight etc. of the object. A program hasn written to find the size of the object
that can be grasped. The trajectory motion of thanib and Finger could also be known
with the help of this program. The program is bemgten in MATLAB-7.1. On considering
the following data the program has been written #re formulation part is done using
Forward Kinematics. With the forward kinematicsyagi the hand posture, i.e. joint angles,
we can know the fingertip position. The data’s wkleen from [48] and calculations were

done.
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45.1 Forward kinematics

Kinematics is the study of motion. The forward kiragics is about finding an end effectors
or tool piece pose given a set of joint variablasour case we have considered the Thumb
and finger as manipulator and have done the caloolaFrom basic trigonometry, the
position and orientation of the end point of Thuartal Finger can be written in terms of the

joint coordinates in the following way:

x=1,cosg, +1,cos@, +6,) +1,cos@, + 6, +6,) PPN C- 99724
y=1,sing, +1,sin@, +6,) +1,SiN@,+6,+6,)  .cooeeiiiiiiiiie . (A23)
P=0,+0,+0;, (4.4)

Note that all the angles have been measured coucluekwise and the link lengths are
assumed to be positive going from one joint axistite immediately distal joint axis.
Equation is a set of three nonlinear equations dlestribe the relationship between finger

coordinates and joint coordinates.

For Thumb

Thumb

Figure 4.4: Trajectory motion of Thumb
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The above figure shows the moment of the thumb whervalues 0O, are changed into
fifty equal parts and the other values@fand©3; remains at maximum and minimum angle
respectively. From above fig we can see when theordinate is at O position the value of y-
coordinate is maximum and slowly with the increak&-coordinate in positive direction the

value of y- coordinate goes down.

For Finger

Finger

Figure 4.5: Trajectory motion of Finger

The above figure shows the behaviour of the fingement when the angle condition are
kept same i.e©; are changed into fifty equal parts and the otladuas 0f0, andO3; remains

at maximum and minimum angle respectively. It shtdvesincrease of the Y-coordinate with
the x-coordinate moving in positive direction. Tiesbecause the reference point considered

here is same for both. Hence the graph shows teese condition for the finger.
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4.5.2 Computation of distance between Thumb and Finger

Distance Formula: Given the two pointsx(, y1) and &, y»), the distance between these

points is given by the formula:

0= = X) 2+ (Yo = Y2)% cvrerie et et (4.5)

Using the above formula the distance “d” is caltadabetween the Thumb and the Finger.
The first two joints of the thumb and finger haveeh kept at maximum opening by keeping
the©; & O, value maximum and the last joint has minimum opegmiy keeping the value of
O3 minimum, so that the force applied by the tip bé tthumb and finger should be
maximum. The distance between the end points wtiédides about the size of the object
was found to be 11.8468cm. So the object sizeraftle11.8468 cm. can be grasped by this

hand.

4.6 Finger Configuration Condition

When some object is grasped by frictionless poamitact there is provision that the contact
force should always act in normal direction. Othseangrasping is not possible. Hence this
type of contact has got limited application likesping. But generally there is always some
friction between the grasped object and the handt S very important to analyze about the
effect of friction on the force. We have done cadin MATLAB-7.1 for seeing the effect of
friction on the applied force. One more importdnhg that has to be considered is the angle
at which the force is being applied. Because thgirmam force that the finger can exert on
the object is at normal direction. So for thatalke coding is done in MATLAB-7.1 for

analyzing the effect of applied force angle ondpgplied force.
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Farce vs. Theta

30 40 al il 10
Theta (degree)
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Figure 4.6: The effect of angle on the applied édog finger

Force vs. Coefficient of friction

=30

= theta:

0.45

Coefficient of friction

Figure 4.7: The effect of angle and coefficienfraftion on the applied force by finger
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The effect of incident angle on the contact focshown in Fig.6 (a) while Fig.6 (b) shows
the variation of the force value with different was of coefficient of friction taken from table
3.1. As the angle of force is increased the foempuired to grasp the object is increased. So
the best condition is that the force should beiedptormally to the object so that the force
required by the finger should be minimum. It casodbe seen from the figure.6 that as the
coefficient of friction is increased the force re@gd by the finger is decreased. So we should
choose the coefficient of friction (the finger-otijéenterface) according to the necessity of the

work.

4.7 Summary

This chapter shows the formulation for generatimg workspace for each finger, beginning
with the Denavit-Hartenberg (DH) method. In the thggction, the formulation is done and
after that it is shown how to build the 25-DOF miodsualization workspace. Mathematical
models were developed using Forward KinematicsHercalculation of the size of the object
that can be grasped. Finally analysis has been fmmthe finger configuration. All the

results were calculated using MATLAB-7.1 software.
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Chapter 5

Grasp Synthesisand Calculation

5.1 Overview

In this chapter the calculation of the force exaéibhy each finger and the position at which it
should be applied is calculated so that the bodyulshbe in stable and should be in

equilibrium condition.

5.2 Grasp Synthesis

We restrict our attention to systems of wrenchesegged in the plane (k = 3) by hard
fingers and assume Coulomb friction. While sofgérs can exert both pure forces and pure
torques, a hard finger can only exert a pure fofte wrench associated with a hard finger
located at a point x and exerting a force f iszém-pitch wrench. Wrench is basically a
single force applied along a line combined withgta. Any system of forces on rigid body

can be described with wrench. Force and momergrazeded in wrench as:

(F
o Exd ] e, (5.1)

The force equilibrium:

SF=SF CORHFSIE=0 oo (5.2)

i=1 i=1
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F. cosd,,F, sin 6, :The magnitudes of the finger force

d

| : The position vector of it finger

The moment equilibrium:

idi xF =ioty><(Fi cof)+d X(FsSind)=0 ... (5.3)
i=1 i=1

perpendicular distance abynponent force

o
I

perpendicular distance abxmponent force

5.3 Grasp synthesis on different objects

5.3.1 Force closure condition for rectangular object

Y
E
. IAFZ
1 1 '3
L (_.F4
| §<F5
l X
0.98N

Figure 5.1: Forces applied on Rectangular object.
The angles taken in this problem is as follows:

g,=20, 6, =25 6,=306, =C, 6, =10

In the above case we have considered the valye=00.25 (plastic and metal) and weight of

the body 0.98N
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Now, according to coulomb’s law:

Fts /JFn

Where, = Tangential force, /= Normal force

In our case F= 0.98N, so the maximum normal force,)([Fequired, can be calculated as

follows:

0.98< 0.25F, 0.98/0.25< Fy, Ry 2 3.92N

We now divide this normal force in two equal paatsl apply them on the two faces of the

object.

l.e. 3.92/2 = 1.96N force on the LHS face and 1.8&ide on the RHS face.

A. Calculation of force equilibrium

Calculation of force on LHS face:

Now force F can be calculated as follows,

Ficos20=1.96

Therefore, F=2.087N

Calculation of force on RHS face:

F,cos 25 + Fcos 30 + F+ K cos 10 = 1.96N

This is because summation of all the forces in Rt® should be equal to 1.96N.

Now by Hit and Trial method we can calculate thkiga of all the forces. On calculation we

got,
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F>=0.3922N, = 0.5295N, £=0.5687N, = 0.5883N

Summation of all the forces in RHS face is

0.3922 + 0.5295 + 0.5687 + 0.5883 = 2.0787N

Hence we can see that the forces in LHS & RHS ime#dmost equal and we can say that the

body is in force equilibrium.

B. Calculation of moment equilibrium

First of all calculate the moment of first fingemw point “O”.

M=Fxd

Where, M = Moment, F = Force, d = Perpendicularatise

M1=F; cos 30x 2.5 = 1.96x 0.025 = 0.049N-m

Now this clockwise moment should be balanced byother four fingers on the other side of

the face.

Calculating the moments of other four fingers doves:

We have taken here anticlockwise moment as postinkeclockwise moment as negative

Therefore,

Focos25*y—Fsin25*0.05+ Fcos30*y—-FRsin30*5+F*y;+ R cos 10 *y +

Fs sin 10 *0.05 = 0.049

Substituting the values of forces from above, wetlye following equation:
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= 0.3922 cos 25* y1 — 0.3922sin25*0.05 + 0.5295 6053/2 — 0.5295 sin30 * 0.05

+0.5687 *y3 + 0.5883 cos 10 * y4 + 0.5883 sin 10%= 0.049

On calculation by Hit and Trial method we get tladues of y co-ordinate as

y1 = 0.046m, y=0.04m, ¥ = 0.032m, y = 0.022m

These are the y co-ordinates of the four fingeRHSE face. So the contact points are,
P, = (0.05, 0.046), £= (0.05, 0.04), = (0.05, 0.032), P= (0.05, 0.022)

Hence at this position we get the moment equiliariblow as the body is in force as well as

moment equilibrium we can say that the body isonté closure condition.

5.3.2 Force closur e condition for cylindrical object

Y
F,
Fs
F "
’ Q,F‘l
~F
LETRENS

0.58N
Figure 5.2: Forces applied on cylindrical object.
The angles taken in this problem is as follows:
6, =30, 6, =20, 6,=30, 6, =10, g, =25

In the above case we have considered the value=00.25 (plastic and metal) and weight of

body 0.98N.
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Now, according to coulomb’s law:

Fts /JFn

Where, = Tangential force, /= Normal force

In our case £= 0.98N, so the maximum normal force fequired, can be calculated as

follows:

0.98< 0.25F, 0.98/0.25< Fy, Ry 2 3.92N

We now divide this normal force in two equal paatsl apply them on the two faces of the

object.

l.e. 3.92/2 = 1.96N force on the LHS face and 1.8&ide on the RHS face

A. Calculation of force equilibrium

Calculation of force on LHS face:

Now force F can be calculated as follows,

Fi cos 30 = 1.96N

Therefore, = 2.263N

Calculation of force on RHS face:

F, cos 20 + Fcos 30 + kcos 10 + Ecos 25 = 1.96N

This is because summation of all the forces in Rt® should be equal to 1.96N.

Now by Hit and Trial method we can calculate thkiga of all the forces. On calculation we

got,
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F>=0.490N, = 0.5687N, k= 0.4883N, k= 0.5883

Summation of all the forces in RHS face is

0.490 + 0.5687 + 0.4883 + 0.5883 = 2.1353N

Hence we can see that the forces in LHS & RHS ime#dmost equal and we can say that the

body is in force equilibrium.

B. Calculation of moment equilibrium

First of all calculate the moment of first fingemw point “O”.

M=Fxd

Where, M = Moment, F = Force, d = Perpendicularatise

M1=F; cos 30% 0.035 = 1.96% 0.035 = 0.0686N-m
Now this clockwise moment should be balanced byother four fingers on the other side of

the face.

Calculating the moments of other four fingers doves:

We have taken here anticlockwise moment as postideclockwise moment as negative

Therefore,

F,cos20*y—F,sin 20 * 0.05 + Fcos 30 * y — F3 sin 30 * 0.05 + fcos 10 * y + K sin
10 *0.05 + B cos 25 * y + Fs sin 25 * 0.05 = 0.0686N-m
Substituting the values of forces from above, aaduwating by hit and trial method we get

the values of y co-ordinate as

y1 = 0.051m, y= 0.042m, y = 0.032m, y = 0.028m
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These are the y co-ordinates of the four fingelRHS face. So the contact points are,
P, = (0.05, 0.051), £= (0.05, 0.042), = (0.05, 0.032), £= (0.05, 0.028)

Hence at this position we get the moment equiliaritdlow as the body is in force as well as

moment equilibrium we can say that the body isonté closure condition.

5.3.3 For ce closur e condition for pyramidal object

Y
F
Fs
Fi—p E,
Fs
I\ / > X
v

Figure 5.3: Forces applied on Pyramidal object.
The angles taken in this problem is as follows:
6,=20,6,=2%0,=00,6, =0, 6, =20

In the above case we have considered the value=00.25 (plastic and metal) and weight of

body 0.98N.

Now, according to coulomb’s law:
Ft < H N

Where, = Tangential force, /= Normal force
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In our case F£= 0.98N, so the maximum normal force (N) requiredn be calculated as

follows:

0.98< 0.25N, 0.98/0.2% N, N = 3.92N

We now divide this normal force in two equal paatsl apply them on the two faces of the

object.

l.e. 3.92/2 = 1.96N force on the LHS face and 1.8&ide on the RHS face

A. Calculation of force equilibrium

Calculation of force on LHS face:

Now force F can be calculated as follows,

Fi cos 20 = 1.96N

Therefore, = 2.087N

Calculation of force on RHS face:

F,cos25+F+ F + K cos 20 = 1.96N

This is because summation of all the forces in R® should be equal to 1.96N.

Now by Hit and Trial method we can calculate thkiga of all the forces. On calculation we

got,

F,=0.666N, = 0.5883N, k= 0.4511N, k= 0.3530N

Summation of all the forces in RHS face is

0.666 + 0.5883 + 0.4511 + 0.3530 = 2.0584N
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Hence we can see that the forces in LHS & RHS ime#dmost equal and we can say that the

body is in force equilibrium.
B. Calculation of moment equilibrium

In the case of pyramid condition, the first finger the LHS face is placed approximately at
the centre of the face and tH¥ and %' finger are placed randomly towards the cornehef t
RHS face. Now the moment are calculated. In thisecthe % and 4 finger are the
manipulative finger and placed normally to the Rf#8e which are used to balance the

moment, which we will see its use further.

Now the moment produced by the LHS finger is caitad:

The clockwise moment produced by the first fingeas follows:
F1 cos 20 * 0.035 = 0.0686N-m

And the anticlockwise moment produced is

F1 sin 20 * 0.02 = 0.0142N-m

Now the moment produced b{"2nd %' finger is as follows:
Clockwise moment:

F2 sin 25 * 3.5 = 0.666 sin 25 * 0.035 = 0.0098N-m
Anticlockwise moment:

F,cos 25* 4.5 + Fcos 20 * 1 + Esin 20 *5.5

Substituting the values of forces we get anticloskewmoment = 0.037N-m

Therefore total clockwise moment will be
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0.0686 + 0.0098 = 0.0784N-m
& total anticlockwise moment will be
0.0142 + 0.037 = 0.0512N-m

We can see that the clockwise moment exceed tlokwise moment by (0.0784 — 0.0512)

0.0272 N-m

This clockwise moment can be balanced by tfead 4" finger as they will produce

anticlockwise moment and the calculation is asfed:

F3*y1+ F4* Y, =0.0272 N-m

Again by Hit and Trial method we can calculate position of the % and 4" finger.
y1 =0.03, y=0.02

Hence positioning this finger at the given poingé thody will be in moment equilibrium.
Hence as the body is in force as well as momeniliequm we can say that the body is in

force closure condition.

5.3.4 Force closur e condition for trapezoidal object

A
Fl F2
_ Fs
Fs
\ Fs -+ X
0.98N

Figure 5.4: Forces applied on Trapezoidal object.

The angles taken in this problem is as follows:
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6,=30,6,=15,6,=0,6, =0, 6, = 10

In the above case we have considered the valye=00.25 (plastic and metal) and weight of

body 0.98N

Now, according to coulomb’s law:

Fe<s ukn

Where,

F: = Tangential force, = Normal force,

In our case £= 0.98N, so the maximum normal force,)(fFequired, can be calculated as

follows:
0.98< 0.25K, 0.98/0.25< F,, K, = 3.92N

We now divide this normal force in two equal patsl apply them on the two faces of the

object.

l.e. 3.92/2 = 1.96N force on the LHS face and 1.9@Mde on the RHS face
A. Calculation of force equilibrium

Calculation of force on LHS face:

Now force k can be calculated as follows,

F1cos 30 = 1.96

Therefore, F= 2.264N

Calculation of force on RHS face:
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Focos15+F+ K+ K cos 10 = 1.96N

This is because summation of all the forces in R&t® should be equal to 200gm.

Now by Hit and Trial method we calculate the valagall the forces. On calculation we got,

F,=0.4707N, E= 0.5883N, =0.3922N, = 0.5393N

Summation of all the forces in RHS face is

0.4707 + 0.5883 + 0.3922 + 0.5393 = 1.9905 N

Hence we can see that the forces in LHS & RHS ime#dmost equal and we can say that the

body is in force equilibrium.

B. Calculation of moment equilibrium

First of all calculate the moment of first fingem: point “O”.

M=Fxd

Where, M = Moment, F = Force, d = Perpendicularatise

M1=F; cos 30« 0.035 + Fr sin 30* 0.015 = 0.0594 + 0.0147 = 0.0741 N-m

Now this clockwise moment should be balanced byother four fingers on the other side of

the face.

Calculating the moments of other four fingers doves:

Moments produced by 2nd and 5th finger in anticlask direction are as follows:

F, cos 15 * 0.045 + Fsin 15 * 0.048 + Fcos 10* 0.012 + £sin 10 * 0.058

Substituting the values of forces from above we get
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0.0204 + 0.0058 + 0.0063 + 0.0054 = 0.03793 N-m
To balance the clockwise moment, the more anticlosd moment required is,
0.0741- 0.03793 = 0.03617 N-m

This much anticlockwise moment can be producechbyntanipulative fingerd#& F,4. These
fingers have provision that it can apply force ormal direction only. Hence the position of

finger should be calculated as follows:

Fs*ys+ F*y,=0.03617 N-m

By substituting the values of forces we can gettilaes of y- coordinate. i.e,

y3 = 0.053, y= 0.016

These are the y co-ordinates of the four fingeRHSE face. So the contact points are,

P.= (0.015, 0.035), P= (0.045, 0.048), P= (0.048, 0.053), P= (0.05, 0.016), = (0.058,

0.012)

Now, as we can see that the Y coordinate pisPmore than Pwe have to change the
properties of finger. The final configuration isosim in fig. 5.5. Hence the force applied by
the 2% finger will now be in normal direction and the ¢erapplied by "8 finger will be at

15°. Hence the finger position will be as shown below:

Y
A
Fr F
o Fs
| §
Fs > X
'

Figure 5.5: Reconfiguration of Forces applied oapBzoidal object.
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Hence at this position we get the moment equiliariblow as the body is in force as well as

moment equilibrium we can say that the body isonté closure condition.

5.3.5 Force closure condition for parallelepiped object

<

Fa

Figure 5.6: Forces applied on Parallelepiped object

The angles taken in this problem is as follows:
6,=206,=3%6,=00, 6, =, §, =10

In the above case we have considered the valye=00.4 (plastic and metal) and weight of

body 0.98N.

Now, according to coulomb’s law:

F< uN

Where, = Tangential force, = Normal force

In our case F= 0.98N, so the maximum normal force,)([Fequired, can be calculated as

follows:

0.98< 0.4k, 0.98/0.4< F,, F, = 2.45N
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We now divide this normal force in two equal patsl apply them on the two faces of the

object.

l.e. 2.45/2 = 1.225N force on the LHS face and 8\efbrce on the RHS face.

A. Calculation of force equilibrium

Calculation of force on LHS face:

Now force F can be calculated as follows,

F, cos 20 = 1.225N

Therefore, = 1.3036N

Calculation of force on RHS face:

Focos35+Kk+ K+ Kcos 10 =1.225N

This is because summation of all the forces in R&kt® should be equal to 200gm.

Now by Hit and Trial method we can calculate thkiga of all the forces. On calculation we

got,

F>=0.4511N, = 0.3726N, = 0.2942N, £ = 0.1961N

Summation of all the forces in RHS face is

0.4511 + 0.3726 + 0.2942 + 0.1961 = 1.314N

Hence we can see that the forces in LHS & RHS ime#dmost equal and we can say that the

body is in force equilibrium.
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B. Calculation of moment equilibrium

In the case of parallelepiped condition, the fifstger on the LHS face is placed
approximately at the centre of the face and tHed %' finger are placed randomly towards
the corner of the RHS face. Now the moment areutatied. In this case théand 4" finger
are the manipulative finger and placed normallyht®s RHS face which are used to balance

the moment, which we will see further.

Now the moment produced by the LHS finger is caltad: The clockwise moment produced

by the first finger is as follows:

F1 cos 20 * 0.035 = 0.0428 N-m

And the anticlockwise moment produced is

F1 sin 20 * 0.005 = 0.00222 N-m

Now the moment produced b{"2nd %' finger is as follows:
Clockwise moment:

F, sin 35 * 0.05 = 46 sin 35 * 0.05 = 0.0129 N-m
Anticlockwise moment:

F, cos 35 * 0.048 +4cos 10 * 0.01 + £sin 10 *0.057
0.0177 + 0.0019 + 0.00194 = 0.0215 N-m

We get anticlockwise moment = 0.0215 N-m
Therefore total clockwise moment will be,

0.0428 + 0.0129 = 0.0557 N-m
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& total anticlockwise moment will be
0.00222 + 0.0215 = 0.02372 N-m

We can see that the clockwise moment exceed tlogwilse moment by (0.0557 — 0.02372)

0.03198 N-m

This clockwise moment can be balanced by tfead 4" finger as they will produce

anticlockwise moment and the calculation is asfed:

Fs*yi+ F,*y2=0.03198 N-m

Again by Hit and Trial method we can calculate position of the % and 4" finger.
y1 =0.052 y=0.044

Hence positioning this finger at the given poirg tiody will be in moment equilibrium. But
in this case the"3finger crosses the"®finger. To avoid this we have to swap the properti
of both the finger. I.e.” finger will be with magnitude of 0.3726N and wik normal to the
RHS face of the object and its y co-ordinate will(052m and the¥finger will be with the
magnitude of 0.4511N and will be placed at (0@H48). The Figure is given below. Now
the body is in force as well as moment equilibriwithout any crossing of the finger, hence

we can say that body is in force closure condition.

Figure 5.7: Reconfiguration of Forces applied oraRaepiped object.
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5.4 Different case of grasping

In all the above cases we have considered thafioger is on one side of the object and the
other four fingers are on the other side of theechjSo as to balance the object and to keep
the object in equilibrium condition we have to cééte the force and moment exerted by

each finger. But in case if we grasp the objecifrabove the equilibrium condition will

S

2 F3

change.

0.98N

Figure 5.8: Forces applied on object from top.

In the above case there is no need to calculatentmaent. Only one thing is needed that is
the normal frictional force required by the fingeus that the object should not slip and the

fingers should be equi-spaced. Hence the calculatith be:

We have taken the diameter of the object equabtonl The finger should be placed at 0.02,

0.04, 0.06, 0.08, 0.01m respectively.
According to coulomb’s law:
Ft S /,[ Fn

Where, = Tangential force, = Normal force
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In this case the weight of the object is 0.98N Whgthe tangential force. Hence
0.98< 0.4k, 0.98/0.4< F,, R, = 2.45N

The total normal force is 2.45N. This force shohk equally divided by five fingers. i.e,
0.49N and the position of the finger should alsefqei-spaced. By applying this much force

by each finger the object can be grasped with dxjiuiin condition.

5.5 Summary

We have taken five different objects Rectangulafjrdrical, Pyramidal, Trapezoidal, and

Parallelepiped for the calculation. The two comhifi were taken in calculation. Firstly, the
four fingers are kept on one side and one fingethenother side of the object for grasping.
Secondly, the hand is grasping the object fromttipe We have calculated the values of
forces applied by different fingers and their positon the object so that the object should be

in force closure condition.
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Chapter 6

Results & Discussions

6.1 Overview

The calculation of workspace in chapter 4 leadsousnow about the hands reachability on
the object that can be grasped. The objects arar@fus shapes and sizes. By calculating the
workspace we can know that if the grasp is reaehablnot for particular kind of object.
Further, the calculation is being done for the sizéhe object that can be grasped. By using
the Forward kinematics the calculation was donealFyi, for the object to be in equilibrium

and stable condition, the calculations have beer®do

6.2 Results

Firstly, by using Danavit-Hrtenberg we have simedathe motion of finger and the spatial
trajectories. The program was written in MATLAB-7far obtaining the 3D model of

workspace. Secondly, we have calculated the sizéh@fobject that can be grasped by
applying forward kinematics. It was found to be84G8cm. The object of this length or
breadth can be grasped by the hand. Lastly, tloe f@pplied by each finger and their point of
application were calculated for five different atie so that the object should be in
equilibrium, stable condition and Force closuredibon. The table given below shows the

Forces and the fingertip position.
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Table 6.1: Result for Rectangular object:

Finger 1 2 3 4 5
Force 2.087 0.3922 0.5295 0.5687 0.5883
(N)
Coordinate| (0.0, 0.025)| (0.05, 0.046) (0.05, 0.04)| (0.05,0.032) (0.05, 0.022)
(m)
Table 6.2: Result for Cylindrical object:
Finger 1 2 3 4 5
Force 2.263 0.490 0.5687 0.4883 0.5883
(N)
Coordinate| (0.0, 0.035) (0.05, 0.051)] (0.05,0.042) (0.05,0.032) (0.0928)
(m)
Table 6.3: Result for pyramidal object:
Finger 1 2 3 4 5
Force 2.087 0.666 0.5883 0.4511 0.3530
(N)
Coordinate| (0.02, 0.035)| (0.035, 0.04%) (0.042,0.03) (0.@182)| (0.055, 0.01
(m)
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Table 6.4: Result for trapezoidal object:

Finger 1 2 3 4 5
Force 2.264 0.4707 0.5889 0.3922 0.5393
(N)
Coordinate| (0.015, 0.035) (0.045, 0.048) (0.048, 0.0% (ome16) | (0.058,0.012
(m)
Table 6.5:Result for parallelepiped object:
Finger 1 2 3 4 5
Force 1.225 0.4511 0.3726 0.2942 0.1961
(N)
Coordinate| (0.005, 0.035) (0.05, 0.048)(0.053, 0.052)| (0.055, 0.044) (0.057, 0.C
(m)
6.3 Summary

1)

The calculation and simulation done in the preseotk is simple and the computational

complexity is also very low as compared to oth€re method can be well understood by the

robotics grasping community. One of the aims of pihesent work is to contribute in the

clarification of these methods, in order to helpwier utilization of these methods in the

robotics grasping.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The present work aims at developing a kinematic ehod a 5-fingered dexterous robotic
hand with 25 degrees-of-freedom which may findoiigential applications in industries and
other work places for manipulation of irregular aifht of soft objects. The conceptual
design has been done keeping human hand’s anatommynd so that it has the flexibility
close to the human hand and the kinematic behavsosimilar to that of the human hand.
The model considers five fingers that are essefdialgrasping and manipulating objects
securely. The joints, links and other kinematicapaeters are chosen in such a way that they
represent those of a human hand. The simulatiaritrigsvery encouraging for the prototype
development of the hand. The kinematic simulatisncarried out to estimate the work
volume and assess kinematic constraints of theemtnalized hand. The algorithm used in
this work for computing force closure grasp of &bl objects is simple and needs little
computational complexity as compared to linear mogning schemes. Hence it can be

conveniently used in real-time, multi-fingered grasogramming.

7.2 Futurework

This work developed a novel method for graspingt tvhile we were finishing this
development, new questions appeared that showolieed. For future work to continue this

research, we propose:
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Fingers were considered rigid bodies. The appboaf a soft finger and their
analysis can add more realistic grasping.

Our approach occurs in two steps: (1) Calculatirgworkspace of hand and then (2)
calculating the grasp force and the position aféin It may be interesting to generate
3d construction of any object and then to choosegtiasp edge candidate. From this
the object can be grasped with the best positidhefinger on the object.

Generation of Deterministic model which will givieet optimized value to find the

Force and position of the finger.
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Appendix:
A) Thumb and Finger moment and the size of the object that can be grasped:

The program given below is used to find the trapcbf the Thumb and Finger and the end
position of their fingertip. With the help of thisogram the distance between the thumb and

the finger can predict, hence the size of the alfjet can be grasped could be known.

close all;clear all;

11=4.6435;12=3.626;13=2.923;

% thetal=input('Enter Theta 1 (range -25 to 3j) : '

% theta2=input('Enter Theta 2 (range 10 to 55) : )

% theta3=input('Enter Theta 3 (range -15to 8)) : '

N=50;

thetal=linspace(-25,35,N);

theta2=10;

theta3=80;

% Formula
x1=(I1*sind(thetal))+(I2*sind(thetal+theta2))+(I1¥d(thetal+theta2+theta3));
yl=(I1*cosd(thetal))+(I2*cosd(thetal+theta?))+(18%c(thetal+theta2+theta3));
pl=[thetal;x1;y1]

plot(x1,y1,'r");

hold on

title('Thumb');xlabel(*X-axis");ylabel('Y-axis");
14=4.9025;15=2.6455;16=1.7945;

% theta4=input('Enter Theta 4 (range -10to 9)) : '

% theta5=input('Enter Theta 5 (range 0 to 90) : );

% theta6=input('Enter Theta 6 (range 0 to 60) : ');

% L=input(’Enter value of L (range 5 to 10) : );

N=50;

thetad=linspace(-10,90,N);

theta5=0 ;

theta6=60;

L= 6;

% Formula
x=(l4*sind(theta4))+(15*sind(theta4+theta5))+(l6rsi(theta4+theta5+theta6));
X2=L-x;
y2=(l4*cosd(theta4))+(I5*cosd(thetad+theta5))+(16%cl(thetad+theta5+theta6b));
p2=[theta4;x2;y2]

% plot(x2,y2);title('Finger’);xlabel('X-axis");yl&('Y-axis");
d=sqrt(((x2-x1).2+(y2-y1).”2))
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B) Program is written to find the effect of angle on the applied force by fingers on the

obj ect

% % % % Program to plot Force vs. Theta % % % %
close all,clear all;

Ft=input('Enter Tangential force : ");

mu=input('Enter Coefficient of friction : ');

N=Ft/mu;

N2=N/2;

% theta values

thetal=0;

theta2=10;

theta3=20;

theta4=30;

theta5=45;

theta6=50;

theta7=60;

theta8=70;

theta9=80;

% Force F1 calculation

F11=N2/cosd(thetal);

F12=N2/cosd(theta2);

F13=N2/cosd(theta3);

F14=N2/cosd(theta4);

F15=N2/cosd(thetab);

F16=N2/cosd(thetab);

F17=N2/cosd(theta7);

F18=N2/cosd(theta8);

F19=N2/cosd(theta9);

theta=[thetal theta2 theta3 theta4 thetab thett@rheta8 theta9];
F1=[F11 F12 F13 F14 F15 F16 F17 F18 F19];
plot(theta,F1);xlabel('Theta (degree)’);ylabel(teo(N)");title('"Force vs. Theta');

C) Program is written to find the effect of angle and coefficient of friction on the
applied force by finger

% % % % Program to plot Force vs. Coefficient aftfon % % % %
close all,clear all;
Ft=input('Enter Tangential force : ");
thetal=input('Enter Theta 1 :");
theta2=input('Enter Theta 2 : ");
theta3=input('Enter Theta 3 : ');
% mu values
mul=0.05;
mu2=0.10;
mu3=0.15;
mu4=0.20;
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mu5=0.25;
mu6=0.30;
mu7=0.35;
mu8=0.40;
mu9=0.45;
mu=[mul mu2 mu3 mu4 mu5 mu6é mu7 mu8 mu9j;

% N calculation
N1=Ft/mul;
N2=Ft/mu2;
N3=Ft/mu3;
N4=Ft/mu4;
N5=Ft/mu5;
N6=Ft/mu6;
N7=Ft/mu7;
N8=Ft/mus8;
N9=Ft/mu9;

% N2 calculation
N21=N1/2;
N22=N2/2;
N23=N3/2;
N24=N4/2;
N25=N5/2;
N26=N6/2;
N27=N7/2;
N28=N8/2;
N29=N9/2;

% F1 calculation at theta 1
F11=N21/cosd(thetal);
F12=N22/cosd(thetal);
F13=N23/cosd(thetal);
F14=N24/cosd(thetal);
F15=N25/cosd(thetal);
F16=N26/cosd(thetal);
F17=N27/cosd(thetal);
F18=N28/cosd(thetal);
F19=N29/cosd(thetal);
F1=[F11 F12 F13 F14 F15 F16 F17 F18 F19];

% F1 calculation at theta 2
F11=N21/cosd(theta2);
F12=N22/cosd(theta2);
F13=N23/cosd(theta2);
F14=N24/cosd(theta2);
F15=N25/cosd(theta2);
F16=N26/cosd(theta2);
F17=N27/cosd(theta2);
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F18=N28/cosd(theta2);
F19=N29/cosd(theta2);
F1 2=[F11 F12 F13 F14 F15 F16 F17 F18 F19];

% F1 calculation at theta 3
F11=N21/cosd(theta3);
F12=N22/cosd(theta3);
F13=N23/cosd(theta3);
F14=N24/cosd(theta3);
F15=N25/cosd(theta3);
F16=N26/cosd(theta3);
F17=N27/cosd(theta3);
F18=N28/cosd(theta3);
F19=N29/cosd(theta3);

F1 3=[F11 F12 F13 F14 F15 F16 F17 F18 F19];

plot(mu,F1);xlabel('Coefficient of friction’);ylalb@orce (N)’);title('Force vs. Coefficient of
friction”);

hold on,plot(mu,F1_2,'r");

plot(mu,F1_3,'c");
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