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1 Introduction

1.1 Motivation

Providing robot hands with grasping capabilities is onéhefdgreat challenges of robotics. Differ-
ent application areas can benefit from progress in this fieldsearch. Nowadays, a large number
of robots are employed in industry to perform grasping tdmskstilising simple two-fingered or
three-fingered grippers. Most of them are integrated in @aonaated production line and repeat
a sequence of motions, while performing only one kind of nmoeet for opening and closing the

gripper.

These kinds of manipulators accomplish their tasks rsligbhighly structured assembly envi-
ronments. Non-manufacturing robots employed in unstradtenvironments can rarely be found.
The reason is that the potential fields of applications likeseholds, aerospace, the medical area,
or hazardous environments require robot hands that ardleapigperforming a much wider range
of tasks.

Recently a number of sophisticated multi-fingered artificends have been developed, which in
principle have the necessary mechanical dexterity to aautya large variety of everyday tasks.
But on the algorithmic side, robust and stable grasping efy@ay objects is still a major challenge
even for the best artifical robot hands available. To proti@se more-or-less anthropomorphic
robot hands with algorithms that realise such grasping lulifi@s, a promising approach is to

mimic human grasp strategies.

The only grasp strategy of a newborn baby is a simple, gripkeclosing movement of all fingers

as areflex action. When the baby grows up, it learns to diffeate amongst single finger postures.
An adult is able to perform a vast variety of postures withirtlextrous hand. But the grasp
postures people use in grasping everyday objects can tsifiddsnto a taxonomy consisting of

only a few grasp types. The postures belonging to a graspogpele unconsciously choose from
this taxonomy to grasp a particular object are optimisedHertask and the object in a lifelong
learning process.

1.2 Approach

Motivated by the strategies people utilise for grasping tordgrasp optimisation, we propose
strategies that are applicable to nearly all artificial lsaadd that are portable over different robot
hand setups. These strategies provide robot hands witlbitiEipa for grasping a variety of ev-
eryday objects in unstructured environments.

For this purpose, we use an approach that mimics human ggagpid comprises (i) the iden-

tification of a grasp model consisting of different grasp poments and grasp phases; (ii) the
differentiation of significant hand postures and grasp sypad (iii) the determination of a strat-

egy, based upon the identified grasp model, for applying spgi@aa target object.

To provide portability, the grasp strategy and the graspsymve to be defined taking into consid-
eration the capabilities of existing robot hands. By impdaiting the grasp strategy and realising
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the grasp types on two completely different robot hand setimgluding artificial hands that differ
in most characteristics, we prove the portability of ourrapghes.

For evaluating the suitability of different grasp type thuccess of grasp optimisation strategies,
and the grasp capabilities of different robot hands, we @sem benchmark system consisting of
a variety of everyday objects and an assessment test. Bettease objects are different in their
properties, a few grasp types realised cannot provide apsiwiutions for all objects. Similar to
human grasping, the most suitable grasp type for a partiobjact can be chosen, and its postures
have parameters that can be usefully optimised.

To this end, we propose an optimisation strategy capablgtifingsing different characteristics
of object-specific grasp postures and which is supportednbgxperiment on human grasping.
For optimising the grasp postures of both real artificialdsgrwe use a simulation environment
containing an exact mapping of the robot hands, the bendhoigects, and the grasps. There
are two reasons for employing a simulator for grasp optitiiea Firstly, most real robot hand
setups do not possess suitable sensors for evaluatingaie guality needed to optimise the grasp
postures. And secondly, one of the two optimisation stepprepose needs around 1000 grasp
trials to optimise one grasp posture. It is not reasonabfetform this with a real robot hand.

By analysing a number of extensive grasp experimentsiaglisur benchmark system, we demon-
strate the suitability of our grasp strategy, the realiiginf the proposed grasp types on the dif-
ferent robot hand setups, and the portability together withimprovement capabilities of our
simulation-based optimisation strategy.

1.3 Contributions

The contributions of this thesis in the areas of human andtrgtasping are subdivided according
to the following chapters:

Chapter 2: Based on the most significant existing studies on human ipigspe develop a
model of human graspindy partly adopting this model, model of robot graspings pro-
posed, and the correlations within grasp components argp griaases of both models are
highlighted. Our approach torabot grasp strategys based on these models and differs
from most other biologically motived approaches mainlyhatt besides the pre-grasp pos-
ture, it stresses thirget grasp postureln ataxonomy for robot graspingre definefour
grasp typeshat can be realised by most anthropomorphic robot handsepsisig at least
three fingers.

Chapter 3: The grasp strategy isnplementedn two different robot hand setups. Bigvelop-
ing a palm and reconfiguring the three fingers of a gripper, wdrdxdean anthropomorphic
three-fingered hand which is the core piece of one of the seflipe second setup was util-
isable for robot grasping after purchase amglementatiorof a dextrous anthropomorphic
five-fingered hand. The developmental process for realisiagrasp typ€son both setups
is described, andeneral development rulese proposed.

Chapter 4: Grasp types that are realised on any setup including a r@bat mounted on a robot
arm can be evaluated with obenchmark systenirhis system consists of 2Zdenchmark
objectsand abenchmark tegtietermining rules for conducting an experiment that resnlt

1 For definitions of terms used in this thesis, the reader &rredl to the following chapters and to the glossary at
the end of the thesis.
2 The four grasp types defined by our taxonomy plus one addition
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a grasp success rate for each investigated combinatioraspggrasp strategy, and robot
hand setup. Thevaluationof the realised grasp types in a preliminary experimentdead
the determination of the most suitable grasp type for eanokhraark object.

Chapter 5: To substantiate ideas for optimising object-specific gsagned during the perfor-
mance of the preliminary experiment, we conducteeggmeriment on human graspintn
this, we investigated theontact strategyand thecontact simultaneityn human grasping.
For this purpose, we define four differemieasures of contact simultaneind propose a
more reliable measure fdrand openinghan the commonly used “grasp aperture”. The
experiment leads to thesultthat humans strive for contact simultaneity when they grasp
an object.

Chapter 6: Supported by this result, we proposgrasp optimisation strategthat, in its first
step,optimises the pre-grasp postunéa grasp for contact simultaneity. The second step of
the optimisation strategyptimises the target grasp postugegive the best closure trajectory
of the thumb by applying aavolutionary algorithm This optimisation is performed with a
physics-based grasp simulator after implementing botbtrblnds, all benchmark objects
and all standard grasps. For determining the quality of allsited grasp and for providing
a fitness value to the evolutionary algorithm, we propogeaap stability measure

Chapter 7: To evaluate the optimisation strategy we performed segeesp experimentsased
on our benchmark system with both of the real robot hands.obfext-specific grasps were
benchmarkedhgainst each other before optimisation, after the firsinaptition step, and
after the second optimisation step. A detaitethlysisof the simulated and real grasps are
presented and the optimisation strategy is evaluated. @uiganal grasp experiment leads
to acomparisorbetween both robot hands in terms of grasping capabilities.

Chapter 8: The accomplishments are summarised, conclusions abooptimisation strategy
are drawn, and an outlook on potential improvements is ptede
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2 From Human to Robot Grasping

A variety of contributions in the research area of robot girsgg has established a theoretical frame-
work for grasp analysis, synthesis, and simulation. Biectd Kumar [2000] present a survey of
analytical approachéswhich have dominated the field for a long time. More recerilglogi-
cally motivated approaches comprising knowledge-basgdoaphes, control-based approaches,
and behaviour-based approaches have been considereddatergrxtent. But still there is a gap
between the theoretical promise and the practical delif@kamura et al., 2000]. To close this
gap, we use a biologically motivated approach that providesopportunity to easily synthesise
grasps for successful grasping of everyday objects onréiffeobot hand setups.

The following Section 2.1 gives an overview of biologicathotivated approaches which consider
the capabilities of the grasping system, and analyticatagmies which, in contrast, rather focus
on contact points or contact regions of the target objece mbdels of human and robot grasping
that provide the basis of our robot grasp strategy are iotted in Section 2.2. The grasp strategy
defines a sequence of steps determining the way a grasp iedpyth a robot hand. After
reviewing the most significant grasp classifications in i8ac®.3, we propose different grasp
types that are realisable by nearly all artificial hands aedciassified into a taxonomy for robot

grasping.

2.1 Grasp Synthesis

The study of grasp synthesis can be categorised into twallg@aps. In analytical approaches, a
graspis formally defined as a set of contact points on the surfatleeofarget object together with
friction cone conditions, whereas being independent ofdbet hand under investigation [Murray
et al., 1994]. Using this grasp definition, grasp synthesikeé problem of deciding where to place
the grasp contacts on the surface of an object. For grasptxeca grasping system has to be
able to precisely reach these contact points. In simulatiwhhighly structured environments this
kind of grasp definition can be useful, but when grasping weald objects with a robot hand,
uncertainties, especially in the object’s location anctmtation, restrain the manipulator from
reaching these contact points.

To realise more flexibility and robustness in grasping, ssvauthors have proposed organis-
ing robot grasping in a more holistic fashion loosely mdtehby the way humans grasp. Such
biologically motivated approaches are primarily based wmpigcal studies of human grasping
and manipulation. In human grasping, planning the predsation for finger placement is not
needed, as humans can anticipate object behaviour duengteéraction between hand and ob-
ject [MacKenzie and Iberall, 1994]. Humans select an okgpetific pre-grasp posture as one
of a few prehensile hand postures [Cutkosky and Howe, 199],the grasp itself is carried out
by comprehensively closing the fingers and evaluating tbel@éaeedback. Though differing in
detail, graspdefinitions in the group of biologically motivated approastimply different grasp
phases, a pre-grasp posture, and a grasp closing strategy.

The following two sections review promising approachesaihlgroups.

! Sometimes analytical approaches are referred to as tiwdm@pproaches or model-based approaches.



6 CHAPTER 2. FROM HUMAN TO ROBOT GRASPING

2.1.1 Analytical Approaches

Traditionally, the robot grasping process is divided intm tstages: at first, suitable grasping
points on the object are determined, and secondly, a rolyat pasture is computed via inverse
kinematics to match these points with the fingertips [Botsile 2002]. Since for most objects
the optimal set of contact points is not realisable for mosiot hands [Borst et al., 2003], a
compromise between planning optimal grasps and the camtstaf the hand kinematics has to be
found.

Borst et al. [1999] use a heuristic generation of grasp chates (sets of contact points on the target
object) for grasping with the four-fingered DLR Hand [Butssss et al., 2004]. After choosing the
first contact point, the other three points are determineddyy a geometric algorithm including
some kind of arbitrariness. After contact points are moweayafrom the edges to achieve a more
robust grasp, the best grasp candidate is chosen by gibsgnasp quality measure. This measure
is based on the definition of force-closure and is determimyettie magnitude of the largest worst-
case disturbance wrench that can be resisted by a graspt stremigth (for more explanation, see
Section 6.2.1). Borst et al. [2005] give an overview of diffet grasp qualification methods and
discuss the quality measure used in more detail.

From the found set of contact points, a feasible hand pos@asdo be determined in a subsequent
calculation step [Borst et al., 2004]. The authors use argemeethod in which an objective
function with penalty terms has to be minimised. Dependingte initial hand configuration,
this minimisation method converges into different locahima, and a solution space with many
equal solutions results. As Borst et al. sum up, how to ogénm this solution space is an open
question.

Two major problems concerning real hand kinematics led verde approaches of determining
"independent regions of contact” for each finger. Theselprob are (i) the optimal set of contact
points is often not realisable; and (ii) the accuracy litittas of robot hands are responsible
for uncertainty in finger positioning. One approach, legdim robustness to contact positioning
errors, maximises the size of the independent contactnegishile force-closure is maintained
as long as one contact is placed in each region. Early workignarea was done by Nguyen
[1988]. The author outlined an algorithm for directly consting a complete set of all force-
closure grasps based on the independent regions of corRacice et al. [1993] extended this
approach to the synthesis of three- and four-finger forostzke grasps of polyhedral objects.

To accommodate constraints and errors in contact placerRetiard [1996] determines regions
around contacts of a predefined "good” example grasp. Theggens are similar to the robust
regions found by Nguyen, and can be used to derive graspvéuiady of target object geometries.
Each contact displaced anywhere in its corresponding megfith leads to a force-closure grasp.
In Pollard [2004] this approach is extended for considermgtiple contacts in each independent
region. Although the kinematics of the mechanical systemevwgmnored, Pollard argues that grasps
based upon these contact regions are likely to be achievadtause the kinematic configurations
of the mechanism are similar to that of the example grasp.

In summary, analytical approaches to grasp synthesis fitichapcontact points or contact re-
gions. To assure that a kinematic configuration of the médshaito reach these points can be
found, remains a problem. Promising approaches additionaé some kind of knowledge about
feasible grasps.
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2.1.2 Biologically Motivated Approaches

Biologically motivated approaches use knowledge abouilida and useful grasp prototypes and
parameters like orientation and position of the graspingdharlhis knowledge can be encoded
in primitive controllers, and complex grasping behaviairdalised by combining different con-

trollers. The effectiveness of the resulting grasp probessto be verified by its execution on the
real grasping mechanism or in simulation.

Miller et al. [2003] used a modelled grasp scene in the sitimrlanvironment Grasplt [Miller and
Allen, 2004] for planning and evaluation of robot graspifjects are modelled as a set of shape
primitives. By defining rules to determine the position, tmentation and the pre-grasp posture
of the hand for each shape primitive, a set of different grasigonditions is generated. The best
grasp is evaluated by using a quality measure after exertitengrasp in simulation. As denoted
in Miller et al. [2005], the drawback of this approach is thshce it only considers a subset of the
possible grasps, it may miss a better possibility. Pelossaf. [2004] present an approach that
considers a broader range of possible grasps by using summior machine (SVM) regression
to predict grasps for known and unknown objects for graspiity a three-fingered Barrett Hand
[Townsend, 2000]. To reduce the search space, only two feonpossible grasp parameters were
randomly chosen. The training set consisted of 1,600 grél® random combinations of the
two parameters for each of 16 grasp starting positions) fasging each of 9 different objects.
Pelossof et al. show that reasonable grasps of novel oljantbe predicted, and although the
regression does not always favour the simulated best gitagpically chooses grasps that still
perform well.

Control-based and behaviour-based approaches to rolsgiggaare further promising biologi-
cally motivated approaches. Complex behaviour is creategfpuencing and combining primitive
controllers or behaviours. Platt et al. [2005] distinguistb different reach and two different grasp
controllers. One grasp controller realises a three fingesmgrwhile the other grasp controller com-
bines two physical contacts into a "virtual finger” [Plattadt, 2003]. The correct instantiations of
the controllers can autonomously be learned, by assogigemeral visual features such as blob
height and width in a reinforcement framework [Platt et 2006]. This autonomous exploration
is executed on real robot hardware, while objects are gdasjite a Barrett Hand.

We also use a biologically motivated approach, but the ndiffarence to those introduced in this
section is that in we lay more stress on the target grasp r@oatuexamined in Section 2.2.

2.2 Grasp Strategies

Human grasping has been investigated in many studies. Mt identify a model comprising
two grasp control components. Both of these componentsedivialed into different phases. The
grasp strategy determines the chronological order in witieke phases are executed and how the
grasp postures correlate to them.

The next sections develop a model of human grasping basdwandst significant existent stud-
ies. It is compared to the model of robot grasping we propbsére our approach to a robot
grasp strategy is introduced in Section 2.2.4.

2.2.1 Components of Human Grasping

The model of human grasping can be divided into two distieassrimotor control components:
transportationand manipulation[Jeannerod, 1981]. Theansportationcomponent controls the
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arm movements to direct the hand from an initial positionamg the target object and further to

a lifted position. Thenmanipulationcomponent controls the hand movements to pre-shape, grasp,
and stabilise the objeét. Human grasping is segmented into these two components veinéich
independently controlled in parallel [Jeannerod, 1984].

Other authors, like Fan et al. [2005], identify a third coment as an individual channel of pre-
hension movements: the hand orientation. In his investigaif human grasping motor schemas,
Arbib [1981] differentiates ballistic movements (trangtion) from finger adjustment (manipu-
lation) and hand rotation. He relates the latter two by conigi them into one motor schema for
grasping. In contrast, Desmurget et al. [1996] relate hatation to arm transportation and advise
that they do not constitute independent channels. Anotfgothesis of Gentilucci et al. [1996]
suggests that hand orientation is a result of an indepenuieaéss of the two control components
(transportation and manipulation).

Components Phases

Human Grasping

Transportation Reaching Lift-off

High—velocity Low-velocity

Acceleration | Deceleration 1

Pre—grasp Grasp closure

1 1 P
t

I

I

!

1 |

Manipulation Grasping Stabilisation |
I

I

I

I

Figure 2.1: Chronological order of human grasp phases. &hbhes indicate correlated points in time.
Widths of the blocks have no quantitative meaning.

However, we support the commonly used division of humangngsinto two components where
the orientation belongs to the transportation componehis model is pictured in Figure 2.1 and
can be correlated with robot grasping as Section 2.2.4 Ievea

2.2.2 Phases of Human Grasping

The two sensorimotor components can be divided into serdgred phases. We propose the
following distinction as depicted in Figure 2.1. The tramgption component consist ofraach-

ing and alift-off phase The manipulation component is also divided into two phageasping
andstabilisation The subdivision of the reaching and the grasping phase ntaxliced in the
grasping literature by Jeannerod [1981]. In contrast toammroach, Jeannerod equated the terms
transportation with reaching and manipulation with gragpiwhile disregarding other phases of
human grasping.

As a person reaches for an object, the arm accelerates,esedshmaximum velocity, deceler-
ates, and re-accelerates near to the target object [Jeahri€84]. The point of re-acceleration
divides the reaching phase intchah-velocityand alow-velocity phase. Parallel to the reach-
ing phase of the transportation component, the hand pigeshato a pre-grasp posture suitable

2 Manipulation in terms of moving the object between the fisdatso known as "dynamic grasping” [Iberall and
Lyons, 1984] or "finger gaiting” [Huber and Grupen, 2002]pigside the scope of this thesis.
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for the interaction and then begins to close in anticipatbeontact with the object. Thus, the
grasping phase of the manipulation component is subdividedthe phases opre-graspand
grasp closure The point of the maximum hand opening (in most studies refieto as peak grasp
aperture; for more explanation see Section 5.2) is definddeabeginning of the grasp closure
phase. Jeannerod [1984] found that this point correspantisetpoint of re-acceleration of the
arm movement. Additionally, the low-velocity phase (tqamdation component) and the grasp
closure phase (grasping component) end simultaneousbreldre, these two phases are coordi-
nated in time (indicated by dashed lines in Figure 2.1). Walisls conducted by Jeannerod, this
coordination was found in conditions where visual feedtdaai the moving limb was present or
absent.

The last phase of the transportation component of humampigass thelift-off phase. Usually
the ends of both the reaching phase and the grasping phasel@fered to be the beginning of the
lift-off phase. Thus, in most human grasping experimergsetfid of the grasp closure phase was
determined by the first movement of the target object (formgda Zaal and Bootsma [1993]) or
by using a finger velocity threshold (for example Smeets amhiBer [2001]). But these studies
disregard the time needed by the fingers for force applicatfter contacting the object and before
lifting it. Biegstraaten et al. [2006] found that fingers sgeabout 200 ms in contact with the
object before it starts to move. While Biegstraaten et ajgest that this time period is needed for
a gradual transition between the grasping phase and thadflifhase, Weir et al. [1991] identify it
as the "finger-object interaction phase”. Weir et al. foumak the duration of this phase increases
for objects with higher weights and for all objects whoseghés are unknown. They conclude that
there are at least two motor control phases involved in tha@po&ation component of prehension,
one for making contact with the object and the other for finggect interaction.

For quantifying grasp phases and finger contact times, asgreefinition of the end of the grasp
closure phase is necessary (see Section 5.4). We propodentifyi the end of grasp closure as
the first point in time when all grasping fingers touch thee¢aapject. This point also determines
the beginning of thetabilisationphase, which ends with the first object movement in the fift-o
direction (right dashed line in Figure 2.1).

2.2.3 Postures of Human and Robot Grasping

When the human hand reaches out to grasp an object, it ppeshiato a posture that closely
resembles the posture taken on in contacting the objeatallnd MacKenzie, 1990]. Thigre-
grasp posturedepends on visually determined estimation of the objeits and shape. After
pre-shaping the hand, the grasp is applied in the subseglenire phase. When all grasping
fingers touch the target object, the hand adoptgtheposture

Robot grasp approaches that try to mimic human graspingadeflas to generate pre-grasp pos-
tures or choose a pre-grasp posture from a predefined sebtotypes. After the hand is pre-
shaped, a simple closing mechanism is applied to realisgripgposture. In our approach, we
choose between different grasp prototypeach comprising a pre-grasp posture atarget grasp
posture The latter is the posture the hand adopts when no objeatasdd between the fingers.

In the following, the three different postures are discdgsadetail, before the importance of the
thumb posturés pointed out.

3 The basic grasp types are defined in Section 2.3.2.
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Pre-Grasp Posture

The majority of studies that investigatpde-grasp postureanalysed the "aperture” of the hand as
a simplification of the hand opening (see Section 5.2). Tinel bpertureis defined as the distance
between the tips of the thumb and the index finger. When thd reaches its maximal aperture,
also called "peak grasp aperture”, the pre-grasp phaseatithe pre-grasp posture is realised.
Jeannerod [1981] found that the size of the peak grasp apésta function of the anticipated size
of the object, i.e. it is larger when the movement is direced large object. In any case, it is
always larger than the actual size of the target object wddire.

Several investigations revealed that the size of the pwspgposture is independent of object po-
sition (transportation component) and of several kindsesfysbations. Paulignan et al. [1991b]
showed that peak grasp aperture is not effected by objeatiboc Even in perturbed trials, when
an instantaneous change of the target location occurredrefhd movement initiation in direction
of the primary object position, the peak grasp aperture hadsame size as under normal grasp
conditions. In their experiment, there were only smallati#éinces in distances of object locations
to the participants. But other studies involving largetatises show similar results (for example,
Chieffi and Gentilucci [1993]; Gentilucci et al. [1991]. In@ther study, Paulignan et al. [1991a]
found that there is no difference in peak grasp aperture tvenghe size of the target object is
realised before the hand reaches out to grasp the objedeowafds. Even a perturbation in the
form of switching the object size just before initiation bktgrasp phase leads to the same peak
grasp aperture as under normal conditions.

To summarise, these findings support the assumption thaizeef the pre-grasp posture is not
dependent on any terms influencing the transportation caergaf human grasping. Transferring
these results to robot grasping means that in developingpingising the pre-grasp posture, the
only constraints to consider are intrinsic properties eftdrget object such as size and shape.

An experiment in which the peak grasp aperture was differdr@n compared with normal grasp
conditions was conducted by Wing et al. [Wing et al., 1986]neQequirement was to grasp
the target object blind, and another one was to grasp it \asiy fin both cases, the peak grasp
aperture increased. This is caused by the increased irzesirin the relative location of the
hand to the target object. In robot grasping, we also facsethénds of inaccuracies. Usually
there are no requirements on velocity, but the whole gragpasis cannot be visually guided (as
further explained in Section 2.2.4). Thus, robot graspm@ kind of blind grasping. For the
development of pre-grasp postures, that means that it s®n@éle to achieve a hand opening as
large as possible, while still considering a finger formatiesembling the object’'s shape. This
increases the possibility that the grasping fingers sudd@ object which is a major requirement
for successful grasping.

Grip Posture and Target Grasp Posture

When a human hand reachesgtip posture all finger pads are mostly arranged into the same
plane [Iberall and MacKenzie, 1990]. If the closing fingeisud not be obstructed by the target
object, they would approach the same target point. Thisnagson is supported by perturbation
studies of rapid grasps with the thumb and the index fingedwcied by Cole and Abbs [1987].
The authors observed that subjects consistently brougHirter pads into contact although that
was not part of the task instructions.

These findings can lead to the assumption that closure mausnoé the grasping fingers are
correlated and very similar. Such a behaviour is adoptedist tviologically motivated approaches
to robot grasp synthesis (for example, Lyons [1985]; Wrahkisher [1995]; and those introduced
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in Section 2.1.2) in which only a simple closing mechanismagplied to realise the grip posture.
This mechanism synchronously closes the fingers aroundHtjeetoand is independent of the
selected pre-grasp type.

But although humans seem to apply a simple grasp closutegyrgCutkosky and Howe, 1990],
there are great differences compared to robot grasping.adurands are endowed with compliant
finger pads and an enormous number of tactile sensors thasedeo adapt the final grip posture
in a very fast and sophisticated closed-loop control. Girrebot hand systems are far from
realising these capabilities. Because a sophisticataptatitlzn of finger closure trajectories at the
time when touching the target object is not realisable imtgioasping yet, these finger trajectories
have to be optimised beforehand.

For this purpose, we definetarget grasp posturehat is reached when the fingers are not ob-
structed by an object. In determining a different targesgnaosture for each grasp type, different
closing behaviours of each grasping finger can be realised.

Importance of the Thumb Posture

The grip posture functionally has to provide appropriateds to pick up the target object, it has
to supply necessary friction, and it has to establish stablVhen grasping an object lying on a

flat desktop, at least two opposing forces are nece$sBoyces exerted by the fingers, except for
the thumb, in most cases have similar directions. The thwabives an exceptional position in

that it is responsible for providing the opposing force Ilsgit.

To this end, the thumb of a human hand is endowed with assdamatisculature that allows larger
forces compared to the other fingers [Flatt et al., 2000]. A \aticulated trapeziometacarpal
saddle joint basically facilitates the capacity of oppgdime thumb to all four fingertips [Marzke,
1992]. By utilising this saddle joint, thumb motions suchflegion / extension and abduction /
adduction are possible. Additionally, a rotational movairs coupled to flexion / extension due
to ligaments [MacKenzie and lberall, 1994]. This flexilyilibrovides the human hand with its
dexterity and allows a large number of differéhtimb postures

2.2.4 Approach to a Robot Grasp Strategy

The grasp strategy we propose is based omumanlel of robot grasping This model is strongly
related to the model of human grasping depicted in Figure Phie two models are compared in
Figure 2.2.

We propose the same simplified distinction into two sensoi@mcontrol components, as Jean-
nerod [1981] proposes for human grasping. These compoatstsonsist of two major phases
each:reachingandlift-off in the case of théransportationcomponent angraspingand stabili-
sationin the case of thenanipulationcomponent. The transportation component of a robot grasp
system drives the joints of the robot arm to control the pmsiand orientation of the hand. The
manipulation component drives the joints of the hand to adogpecified posture and to exert
desired forces.

Reaching is subdivided into approach and placing. djyeroachphase corresponds to thegh-
velocityphase of human grasping. A coarse approach to the targett dbjealised in thgross-
motionphase, while in théine-motionphase the hand is positioned over the object and oriented
along its main axes. This fine positioning can rely on localwsi feedback provided by a wrist

* Balancing a tray or grasping a suitcase at its handle regjforees in only one direction.
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Components Phases

Human Grasping

Transportation Reaching Lift—off

High—velocity Low-velocity

1
1
Acceleration | Deceleration 1 1
I

Manipulation Grasping Stabilisation
Pre—grasp Grasp closure I
: . :
I I I
T T T —
Robot Grasping \ : : t
Transportation Reaching Lift-off
Approach Placing

I
I
Gross—motion| Fine—motion l l
1 1

Manipulation Grasping Stabilisation

Pre—grasp Grasp closure

Figure 2.2: Chronological order of human and robot grasgefaDashed lines indicate correlated points
in time. Widths of the blocks have no quantitative meaning.

camera, like that used in the TUM Hand setup described iri@@e8tl.1. At the end of this phase,
the hand reaches thmre-grasp position With the hand in pre-grasp posture, thlacing phase

is entered which relates to thew-velocityphase of human grasping. In this phase, the hand is
moved towards thgrasp position

A major difference between the models proposed for humarrelmok grasping is the time dis-
placement of thgrasp closurephase. In contrast to human grasping, where the fingerststart
close while the hand approaches the target object, the gtaspre phase starts as soon as the
reaching phase ends. In human grasping, the hand in prp-gasgure is open wider than is
necessary to enclose the target object. This is useful tpeonsate for inaccuracies in hand trans-
portation. When the hand approaches the object, the a&gaired size of hand opening can be
anticipated, and grasp closure can start before the olgeeached. A robot system that incor-
porates visual surveillance to realise real-time contf@ran and hand could mimic that human
behaviour. But most existing robot systems (like ours) aetinat sophisticated. Uncertainties
about object position and orientation and inaccuraciesamdtpositioning and control can best be
compensated by closing the grasp not before the graspgostreached.

The Grasp Strategy

Based on this model of robot grasping, the grasp processecdinided into a sequence of five con-
trol phases while combining the transportation and maaipri components: (1A pproach/Pre-
grasp phaspg(2) Placing phas€3) Grasp closure phasé4) Stabilisation phasg5) Lift-off phase
As an advantage, a serial order of control phases simpltisdntrol needs, and robot grasping
can be realised in a state-machine-like fashion [Steil.e28D3].

Before the grasp process can be executedgitasp g to be applied has to be chosen. We define
four differentgrasp typeg: all finger precisiont;, two finger precisiort,, powerts, andtwo
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finger pincht4. These grasp types constitute our grasp taxonomy as ireodn Section 2.3.2.
The grasp type defines the number of grasping fingers and qualitativelyrdeétes the target
touch areas of the hand. For nearly every existing robot hhading at least three fingers, a
standard graspof each grasp typé can be developed. Besides thege 0 g4), we determine
a fifth standard grasp, tharee finger specials, as described in Section 3.2.3. Additionally, in
our robot hand setups, we can choose between object-spg@Bps that are optimised by the
optimisation strategy proposed in Section 6.3.

Eachgrasp g comprises gre-graspand atarget grasp Pre-grasp and target grasp are hand-
dependent joint angle configurations. dfplya pre-grasp or target grasp means that the respective
joint angles are actuated by the robot hand controller. Wthese joint angles are reached, the
hand adopts thpre-grasp posturer thetarget grasp posturerespectively. With each grasp
additional parameterisations of the following charastess are associated: a relatipesitionp

(3 DOF) andorientation o (3 DOF) of the hand to the target object andagproach distancel

(1 DOF) distinguishing the pre-grasp position from the grpgsition. The determination of these
parameters is described in Section 3.2.1.

(a) Pre-grasp position. (b) Grasp position. (c) Object grasped. (d) Object lifted.
(after step 1) (after step 2) (after step 3 and 4) (after step 5)

Figure 2.3: The light bulb is grasped with the Shadow Hand tilisimg our grasp strategy (upper row).
This strategy can also be applied to grasping an object fittver alirections (lower row).

Based upon these definitions and our model of robot graspiegrasp strategycomprises the
following steps which are illustrated in Figure 2.3:

. Select a grasp.

. Approach/Pre-grasp phas&ove hand to pre-grasp position and apply the pre-grasp.

. Placing phaseMove hand to grasp position.

. Grasp closure phaseéApply the target grasp.

. Stabilisation phaseWait until fingers exert sufficient forces on the object.

o A W N F O

. Lift-off phase Move hand to pre-grasp position.

We developed this grasp strategy for the purpose of graspifjects lying on a desktop from
above, but our strategy can also be applied for other grgspsks, just by determining an appro-
priate positionp and orientatioro. One example is the task of grasping objects from the side as
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pictured in Figure 2.3 (lower row). Here, the beverage cgndsped with the same grasp type, the
power grasfis, as the light bulb (upper row). There is even no differenddé@approach direction
relative to a hand coordinate system.

2.3 Grasp Taxonomies

Robot hands which are built to mimic the dexterity of humaasging have to be endowed with a
large number of degrees of freedom. A robot hand possessitigmtapabilities similar to that of
a human hand, like, for example the 20-DOF Shadow Hand (destin Section 3.1.2), provides
an enormous set of potential hand configurations. To rechedifficulty in determining the hand
configurations suitable for robot grasping, a classificatibgrasp types is required.

The next section reviews various significant grasp taxoeerof different research fields. Most
of them do not consider the applicability of their grasp type robot grasping. Because these
taxonomies are too detailed, too basic, or some grasp ty@aedhey cover cannot be realised
with common robot hands, we proposéaaonomy for robot grasping the final section of this
chapter.

2.3.1 Existing Taxonomies

Classifying hand postures used for prehension for a long tias been an interest of fields such
as hand surgery, rehabilitation, or the design of prosttastivices. More recent application areas
of grasp taxonomies are robotics and computer animationstifgy classifications lay different
importances on the role of the hand, the object, and funaticmaracteristics in prehension.

Object Shapes, Hand Surfaces, and Hand Shapes

Early approaches to categorising human grasps can be fauthd area of rehabilitation and the
design of prosthetic devices. Most of them use simple aaSouoi of grasps to object or hand
shapes, or to hand surfaces.

The purpose of a taxonomy developed by Schlesinger [1919}ovarovide a basis for classifying
prehensile functionality of prosthetic hands. At that tirmegbstitute devices were needed in large
guantity because of injuries from World War 1. In a versiomsoarised by Taylor and Schwarz
[1955], the taxonomy comprises six basic types of prehensitiese grasp types have symbolic
names that relate to object shapes (cylindrical, sphgricahd surfaces (palmar, fingertip, lateral),
and hand shapes (hook). Other classical taxonomies fromnieopological and medical fields
use similar names and images. McBride [1942] distinguighredps according to the hand sur-
faces used, while Griffiths [1943] suggested a taxonomydasebject shapes alone. The terms
used in these taxonomies represent simple descriptiofeajrasps. Functional characteristics,
directions of applicable forces, or the purposes the graspappropriate for are not expressed.

Hand Potentials

In his study, Napier [1956] was interested in a fundamentalyais of the potentials of the hand
as a whole. He was inspired by the need for a system of digabilaluation of the hand and di-
vided the prehension into two basic patterns: precisiosmead power grasp. Depending on the
purpose of the grasp, the same object can be held with eitlibe dwo grasps. The power grasp
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provides large areas of contact between the grasped olig¢ha surfaces of the fingers and the
palm. Therefore, it is chosen when stability and securigyreacessary. If dexterity and sensitivity

are more important, the precision grasp is used in which tiecois held between the volar sur-

faces of the fingers and the thumb (usually the pads of therfipge These two grasp categories
distinguish between major capabilities of the human harsda fgrehensile task can combine pre-
cision and power requirements, these two categories caméxpieted as characteristic concepts
for prehension which are not mutually exclusive.

Lyons [1985] defined three grasps which he derived from etudf human reaching and grasping
and from inspection of assembly domain tasks. Like Napeudiktinguished between a precision
grasp and a power grasp which he called "encompass graspfs precision grasp, the object is
held between the fingertips only, while a third grasp type,l#teral grasp, is characterised by all
volar surfaces of the fingers for being contact areas.

Function of the Fingers

Arbib et al. [1985] classified the functions of the fingerspesgively to the task they have to
accomplish in grasping an object. These functions esdlgrai@ directions of the forces that the
fingers exert on the target object. Grasping a mug, for exametuires a downward force from
above the handle, an upward force from within the handle patentially a third force to stabilise

the handle from below. The concept of a "virtual finger” is dise categorise the different tasks
the "real” fingers have to perform, and fingers which have tmmestask are combined to one
virtual finger. The number of the fingers that are combinedhtrtig different, even when the task
requirements are identical. For example, the upward fowa fvithin the handle can be applied
by one, two, three, or even four fingers (depending on thedfitiee handle). Instead of coping
with many degrees of freedom, for instance in the case of &ifigered robot hand, a task can
be described by two or three virtual fingers. Combined fingarsbe handled identically, which

reduces the control needs.

Classification of Opposing Forces

Prehensile postures are constrained by the way the handpgiy @pposing forces around an
object for a given task [Iberall et al., 1986]. Thereforesridl [1987] proposed categorising these
postures into three basic methods called oppositions: ppdsition, palm opposition, and side
opposition. Pad opposition describes a hand posture wheréhttmb pad and the finger pads
oppose each other. In palm opposition, forces exerted otrathet object originate from the palm
and the fingers. In side opposition, an object is held betvieerthumb pad and the side of the
index finger, or it is fixed between the sides of two fingers. &sgrposture can consist of several
of these oppositions. In Iberall [1997], 59 different gragstures are divided into palm, pad, and
side oppositions, and combinations thereof. The hand paetting opposing forces on the target
object are mapped into virtual fingers according to theircfiom as suggested by Arbib et al.
[1985]. The relation between other classifications, likbl&singer [1919], Napier [1956], Iberall
and Lyons [1984], and Cutkosky and Wright [1986], and theasjiifion types combined with their
mapping to the correlative virtual fingers is compared irdbi§1987].

Task Requirements and Object Geometry

In the robotics literature, the best known taxonomy wasepresl by Cutkosky and Wright [1986].
It was a result of a study of the grasps used by machinists imal $atch manufacturing oper-
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ation. Basing on the precision/power dichotomy of Napiewer grasping is subdivided into
nine different grasp types and precision grasping intorsgvasp types. To describe these types,
Cutkosky and Wright use terms of many kinds of relations tikgect shapes (e.g. sphere), hand
surfaces (e.g. lateral pinch), hand shapes (e.g. hookd, patentials (e.g. medium wrap), object
characteristics (e.g. small diameter), and opposing $ofeay. thumb-index finger). These grasp
types are systematically arranged in a tree-like fashieimgia coarse overview of how object
geometry and task requirements (forces and motions) irdeidre grasp choice in single-handed
operations by machinists working with metal parts and hawotst When choosing a grasp type,
either geometry or task requirements are predominant. enple, the grasp type used to pick
up a hammer and place it in a box is different to when the tagkfp®und in a nail with it. On the
other hand, the object geometry may be of more relevancee t&isk is to file a piece of metal, the
grasp type used with a small triangle file is different froratthsed with a large flat file, although
the motions are nearly identical.

Cutkosky [1989] revised and extended the original taxonbmgdding numbers of virtual fingers
to the grasp types. As substitute for this number, most gsgEs of the power grasp category are
termed: "fingers surround part”. Because in a power gragpfitiyers completely envelope the
object and have no independent contact areas, it is difficuleclare a number of virtual fingers.
But even this extended, highly detailed taxonomy is far fiwering all possible grasps humans
can perform. For example, it is missing a grasp people useitmg/with a pencil or in marking
items with a scribe. Cutkosky [1989] had also to admit thatrttachinists in their study adopted
numerous variations on the grasps from the taxonomy. Trsnsawhy were ascertained to be
geometric constraints, particularity of the task, peré@neferences, and differences in size and
strength of the hands.

2.3.2 Approach to a Taxonomy for Robot Grasping

Most of the prominent grasp taxonomies discussed in theiqus\section do not consider the
realisation of their grasp types with a robot hand. Althoagithors like Cutkosky and Wright
[1986] or Iberall [1997] analysed human grasping for féailing progress in the domain of robot
grasping, all of the 16, respectively 59, different gragmges/they proposed cannot be realised by
the majority of robot hands currently in existence. Theremged for a taxonomy for robot grasp-
ing comprising a basic set of grasp types that can be reakighdnost robot hands. A commonly
used taxonomy provides a basis to port developmental pednerobot grasping between robot
hand systems and to evaluate grasp potentials of diffeobiot hands.

Therefore, we propose BEaxonomy for Robot Graspingjstinguishing grasp types that are real-
isable by most anthropomorphic robot hands. As minimumirements, the robot hand in use
must have at least three fingers and 4 DOF like, for exampdeB#rrett Hand [Townsend, 2000].
The taxonomy is inspired by different studies of human gragsps those presented in the previous
section. It consists of four grasp typesall finger precisionty, two finger precisiorts, powerts,
andtwo finger pincht4. These grasp types realise the major hand potentials aro$ibipps of hu-
man grasping as known from [Napier, 1956] (precision andggpand from [Iberall, 1987] (pad
opposition, palm opposition, side opposition). The reladi between the grasp types we propose
and those of most prominent taxonomies are listed in Talile 2.

The proposed grasp taxonomy exhibits the following feature

e small number of general grasp types;

e Mmajor potentials of human grasping can be realised (pmgigiower, pinch);
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| Research I Name of the grasp type |
| Robot Grasping || all finger precisiont; | two finger precisiort; | powerts | two finger pinchi, |
Schlesinger (1919) palmar prehension tip precision spherical grasp | lateral prehension
Napier (1956) precision grasp precision grasp power grasp -
Iberall/Lyons (1984) basic precision-b basic precision-a modified power | basic prec./power-d
Arbib et al. (1985) thumb, finger 2-3 thumb, finger 2 palm, Finger 2-3| finger 2, finger 3
Lyons (1985) precision grasp precision grasp encompass grasp lateral grasp
Cutkosky (1986) thumb-two finger thumb-index finger | prehensile powe lateral pinch
Iberall (1987) pad opposition pad opposition palm opposition side opposition

Table 2.1: Comparison of the proposed grasp typds ¢, with established grasp taxonomies. A three-
fingered hand is assumed for taxonomies that distinguiskdest grasps with three, four, and
five fingers (Cutkosky, and Arbib et al.). The row of Arbib etialdicates the mappings to their
"virtual finger 1” and “virtual finger 2.

e applicable to most robot hands possessing at least thresrging

e descriptive naming of grasp types.

While still incorporating most of the dexterity of human gpang, the small number of varying
grasp types keeps the effort for development and implertientanto a robot hand system low.
The names of the grasp types reflect the hand potentialsgjgmecpower, pinch) and implies the
number of fingers used (two, all) except for the power gragzaBise the taxonomy is appropriate
for robot hands with different numbers of fingers, the tertii ia used in the all finger precision
grasp. In the case of the power grasp, also all fingers of thetdoand are used to enclose the
target object.

The four grasp types provide different precision and povagabilities. The applicability of each
grasp type depends on intrinsic properties of the targedoblguch as size, shape, and weight as
well as on task and environment requirements.

e All Finger Precision t;

For grasping a broad range of middle-sized objects, thisigion grasp is used in which all
fingers of the robot hand are involved. The main characiergta precision grasp is that
the target object is touched with the pad of a fingertip or ti@ararea. With their fingertips,
humans are able to place contacts and exert forces on ar wlifledigh precision because
the fingertips are endowed with the highest concentratiolaaifle sensors. Robot hands
try to copy this characteristic. Most robot hands that dopussess fingertip sensors are at
least equipped with fingertips more suitable to grasp objéan other hand parts.

e Two Finger Precisiont,

In contrast to the all finger precision grasp, this grasp igpenly executed by the thumb
and the index finger. With a thumb opposing only one fingergéne between the grasping
fingertips can be very small so that a high precision grasp tgn be realised. This is
needed when small or thin objects have to be grasped.

e Powerts

For grasping large, roundish, or heavy objects the graspttype applied has to meet high
demands of stability. In a power grasp, the fingers envelepdrget object. Besides the

fingertips, other phalanges touch the object, and idedly, ahe palm provides opposing

forces. Thus, many more contact points than in precisiogpgrare established. This leads
to a powerful grasp.
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e Two Finger Pinch ¢,

This grasp type combines precision and power capabiliiesthe contact areas, we use the
same definition as Iberall et al. [1986] use for their “sidpagition” grasp: "either between
the thumb pad and the side of the index finger, or else betviresides of the fingers”. The
first option is used, for instance, when holding a key to opdo@. The second alternative
is not considered in most taxonomies, but it is applied by dmsnwhen small objects need
to be removed from tight places such as grasping coins fractkgts. In robot grasping, it
can be useful when obstacles constrain the environment.

The proposed grasp taxonomy provides the basic grasp types, that a robot hand should be
able to carry out. This basic set is extendable by additigredp types. To realise a grasp type
in a robot hand setup, a gragphat fulfils the requirements described above has to berdeted.
The development of standard grasps for every grasp typsdsised in Section 3.2.3.



3 Development of Grasps for Robot Hands

The biologically motivated grasp strategy developed infgi#a2 can be implemented in different

real robot hand setups. During the development of thisegfyatnd the grasp types proposed in
Section 2.3.2, we had a robot setup at our disposal thatdadla three-fingered artificial hand.

With the availability of a second robot hand setup includandive-fingered hand, we got the

opportunity to prove the portability of our methods develdpreviously.

Both robot hand setups are described in Section 3.1, befereliscuss the differences in the
implementations of the portable grasp strategy. The wgais of the grasp types in both setups
is examined in Section 3.2. Besides the four grasp types motfacwnomy for robot grasping, we
realised a fifth type for grasping a particular object. Theettgomental process of grasps leads to
general development rules we propose in Section 3.2.4.

3.1 Robot Hand Setups

Existing robot hand setups provide different functionmeditto different extents. There are setups
consisting of the robot hand only, up to systems providindtinmodal interaction capabilities
[Steil et al., 2004]. To grasp objects arranged at diffelecétions within a specified workspace,
a robot hand setup at a minimum must be endowed with a devideafud positioning. For this
purpose, usually a robot arm with 6 DOF is used.

The core piece of a robot hand setup is the robot hand. Rgaentimber of sophisticated multi-
fingered artificial hands have been developed, which in piedave the necessary mechanical
dexterity to carry out a large variety of everyday tasks.r&pkes are: the Shadow Hand [Shadow
Robot Company, 2006], the DLR Hand Il [Butterfass et al.,40the Robonaut Hand [Lovchik
and Diftler, 1999], the Ultralight Hand [Schulz et al., 2QQhe Fluidic Hand [Schulz et al., 2004],
and the GIFU Hand Il [Mouri et al., 2002]. Other well knowrba hands are: the Barrett Hand
[Townsend, 2000], the DIST Hand [Caffaz and Cannata, 199&],Belgrad/USC Hand [Bekey
et al., 1990], the Utah/MIT Hand [Jacobsen et al., 1986], thedStanford/JPL Hand [Salisbury,
1985].

These hands differ in size, materials, mechanical stractunmber of fingers, number of joints,
number of controlled degrees of freedom (DOF), actuatipe gnd location, and sensory equip-
ment. The number of fingers range from three to five and the rumbDOF from four, in the
case of the Barrett Hand, to 20, in the case of the Shadow Hand.

We use two robot hands to develop, optimise, and evaluatahtrased grasps for robot grasp-
ing. When we were developing the first grasps, only the tfiregred TUM Hand (Technical
University of Munich) [Menzel et al., 1993] was availableaatr lab. This hand is mounted on
a 6-DOF PUMA robot arm and integrated into the GRAVIS syst&edtural Recognition Ac-
tive Vision System) [McGuire et al., 2002], developed witkine framework of the Collaborative
Research Centre (CRC) 360 “Situated Artificial CommunisitgFink et al., 2006]. This robot
system combines visual attention and gestural instruatitim an intelligent interface for speech
recognition and linguistic interpretation.

When we re-created the GRAVIS system, we wished to improgehdrdware accuracy and to
achieve the ability to investigate more humanlike grasging manipulation of objects. More
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up-to-date hardware was available and employed. The maimpanents of our second setup are
the 20-DOF Shadow Dextrous Hand [Shadow Robot Company,|20@bthe 7-DOF Mitsubishi
PA-10 robot arm. The Shadow Hand is used as the end-effettbe &A-10.

The availability of these two robot hand setups that can Ipdiebto the problems of mimicking
humanoid arms provides great opportunities for the devedy and the investigation of robot
grasping. But also great challenges are presented ovesshes of platform independence and
portability because the hands we use differ substantiallglli characteristics mentioned previ-
ously.

3.1.1 The TUM Hand

The robot hand developed at the Technical University of Mar{iTUM) consists of three iden-
tical, approximately human-sized fingers [Pfeiffer, 1998]has 9 DOF and is driven by an oil
hydraulics system. To control the 3 DOF of each finger, moitstops located at an external hy-
draulic base station drive three finger pistons by pressingrough a hydraulic tube with a length
of 2.5 m.

The fingertips are equipped with custom built force sensomdvide force feedback for control
and the evaluation of grasps [Jockusch, 2000]. The handtiseiuequipped with a wrist camera
to obtain local visual feedback during the grasping phase fingers do not possess sensors for
directly measuring the joint angles. The only source ofrimfation about the state of the finger
joints are oil pressure sensors and potentiometers formatbr piston. All sensors are located at
the hydraulic base station.

In the original form of the TUM Hand shown in Figure 3.1a, theeke fingers were equidistant
around a circular mounting. In this configuration, the hatd anly able to carry out a single type
of grasp which Cutkosky and Wright [1986] termed “the pregidripod grasp”. When grasping
an object, each finger provided opposing forces to both therdingers. Thus, this grasp was a
“3-virtual-finger grasp” according to the taxonomy of Arlabal. [1985].

In the case of a human hand, there is a coupling between tles iad the middle finger and
they close in similar directions. The thumb is not just aeotfinger, but can exhibit different
opposing postures and can exert larger forces. With additisupport from the palm, the human
hand achieves the dexterity to realise much more grasp.types

Reconfiguration of the TUM Hand

In its original configuration, the TUM Hand was only a thresgfred gripper, but not an anthro-
pomorphic robot hand, because it did not possess a fingepénmrmed as an opposable thumb.
Based on the mechanical characteristics of the fingers, walat®ed a palm and rearranged the
three fingers so that one finger now acts #sumb(see Figures 3.1b to 3.1d). We define the two
other fingers to be thiadex fingerand themiddle finger With this reconfigured, anthropomorphic
TUM Hand, it is possible to realise the grasp types definecertién 2.3.2.

Posture Control of the TUM Hand

Because the hand does not provide joint angle sensors,reasiatrol has to be achieved indi-
rectly, relying on the piston potentiometers and the pmessansors, located at the base station
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(a) Original configuration. (b) Pinch grasp (anthropomorphic TUM Hand).

(c) Precision grasp (anthropomorphic TUM Hand). (d) Power grasp (anthropomorphic TUM Hand).

Figure 3.1: After developing a palm and rearranging thegirggers, the TUM Hand achieves anthropo-
morphic capabilities.

of the hydraulics system. To achieve this, we convert joigl@s to piston potentiometer values
by applying a fixed transform which was determined experitalgnand independently for each
joint.

These computed potentiometer values serve as targetddadrtrollers which actuated the finger
joints to move them to the desired posture. Additionally, wese to cope with hysteresis and
non-linearities due to the long distance of 2.5 m betweerb#se station and the finger pistons,
and we face sticking and sliding effects caused by returmgpiintegrated in the finger pistons.
Nevertheless we achieve an accuracy of about 2 degreesrin jeir, which is not enough for
a reliable inverse kinematics-based position control,dlioivs for a sufficient positioning of the
fingers to realize suitable grasp postures.

3.1.2 The Shadow Hand

The Shadow Hand is a product of the Shadow Robot Company asahikable as a prototype
since end of 2004 [Shadow Robot Company, 2006]. It includesfiingers arranged at a palm and
20 actively controllable joints (20 DOF). Figure 3.2 summsuthe finger kinematics. It shows a
photograph of the human-like sized real hand and its kinieadahodel. Joint axes are visualised
as black arrows within the transparent links of the modele distal joints of the four fingers
are coupled passively to the middle joint, such that theeanfthe middle joint is always greater
than or equal to the angle of the distal joint. Hence, the fingats allow almost human-like
movements as described in Mallon et al. [1991]. To endow hlnenb with a similar dexterity
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Figure 3.2: Real Shadow Hand (left) compared to its kinecmatidel (right). Joint axes are visualised as
black arrows.

and to allow the opposition of the thumb to all fingers, fiveependently controllable joints are
supplied, two of them combined in the metacarpophalangeat and two others combined to
approximate the trapeziometacarpal saddle joint of theamthumb. The little finger has an
extra joint located in the palm. The hand is also equippetl IDOF in the wrist (not shown in
Figure 3.2), which allow a flexion / extension as well as alidac/ adduction movement of the
whole hand. Altogether, the hand includes 24 joints, 20 eifrtlactively controllable.

VA4 ..

Figure 3.3: Shadow Hand grasping a tennis ball by utilisipgwaer grasp implying palm contact.

Each joint is actuated by an antagonistic pair of McKibbgthegbneumatic muscles, which have
a high force-to-mass ratio. All muscles are packed densethié lower forearm (shown in Fig-
ure 3.3) and the joints are actuated by means of tendongdrthutsugh the wrist and hand. The air
flow in and out of the muscles is controlled by 80 miniatureesold on-off valves (one inlet and
outlet valve for each muscle). The most important advantdigetifical muscles is their inherent
and variable compliance allowing safe operation, espgdialdirect contact and in interaction
with humans. But there are some drawbacks as well: due tiofribetween the tendons and
their tubing as well as between the braid and the inner rutlixer of the muscles themselves, the
relation between pressure, contraction, and force etilyisteresis and other nonlinear behaviour
which complicates the control [Medrano-Cerda et al., 1995]

On their palmar side, the phalanges are covered by a layerrfble polyurethane "flesh” which
is slightly elastic and has a high friction coefficient piivig good adhesion. To facilitate grasping
of small objects, like matches and needles, the fingersdecthin polycarbonate fingernails.
The variable compliance introduced by the antagonistiaipragic actuation, the flexibility of the
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fingertips and contact areas, and the high dexterity actiiav@ human size allows the Shadow
Dextrous Hand to grasp everyday objects of all kind of sifmsns, and materials having a mass
of up to 5 kg.

The most innovative feature of the Shadow Hand, howevengiptovision of a total of 186 force
sensors. 34 of these are distributed on each fingertip gaitaych resolution of approximately
seven sensors per émAdditionally, two texels (touch pixels) cover the palmatesof the middle
and proximal phalanges of each finger. The tactile senserbuild from a three-dimensionally
curved electrode covered by a thin layer of Quantum Tung&liomposite (QTC), which changes
its resistance as a function of applied pressure. QTC hagmmential response characteristic,
combining a high initial sensitivity with a wide dynamicalnge that only saturates at considerably
stronger forces.

The hand is also equipped with a complete set of internalsssmseasuring current joint position
using Hall-effect sensors, as well as muscle air pressuhe HRnd system incorporates a total
of 11 PIC microcontrollers, 5 of them located in the distaalplmges, one in the palm, and the
remaining 5 at the base of the hand system. All controllegcannected to a single 1 Mbit CAN
bus, connecting also to the controlling PC. The averagé potaer consumption is about 25 W
under normal operation (not including the external congedsair supply).

Control of the Shadow Hand

While pneumatic actuators are well known and their conted heen studied mainly for single
McKibben muscles [Hildebrandt et al., 2002] or actuatedsafionietti and Bicchi, 2002], the
simultaneous control of a large number of cooperating fiagarators poses new challenges. The
inevitably complex tendon routing in the hand contributestibn and tends to amplify the well
known nonlinear and hysteresis effects, so that a modedlthgme like that proposed in Granosik
and Borenstein [2004] becomes difficult to apply and wouldeht® be carefully adapted to each
muscle. The tight packaging of the actuator muscles in theafon forms a second source of
friction and additionally causes a coupling between DOFclvlii rare cases even can cause single
muscles to get temporarily stuck together. On the other htordapplying the grasp strategy
proposed in Section 2.3.2 a sophisticated joint controloisraquired as long as the pre-grasp
and the target grasp postures can be approximately actu@kentefore, we decided to base our
joint controller on a relatively simple mixing scheme desid to control position together with
stiffness and having only moderate parameter tuning coxtpleThe working principle of the
mixing controller is summarised in Figure 3.4.

joint
| solenoid |__, angle
position position valves
target ( ) error

+ —
stiffness \g stiffress| ~ 2X2 flexor pressure

h

target error matrix [_ flexor
pressure
mixing L) solenoid pneumatic extensor

controller valves antagonistic
joint

extensor

stiffness

Figure 3.4: Schematic view of the mixing controller allogisimultaneous stiffness and position control.
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In order to move a single joint, the controller has to prowigde control outputs to drive the valves
of the antagonistic muscle pair. Hence most standard domproaches that focus on a single
control variable cannot be applied directly. One solutioespnted in [Vanderborght et al., 2004;
Schroder et al., 2003] employs a pressure chakgeomputed from the joint error and feeds this
aspwork = Ap into the pressure controllers of the agonist and antagogsgiectively, wher@york

is the average working pressure of the muscles.

The key idea of the controller is the combination of two cohtariables, joint position and joint
stiffness, which is motivated by the observation that tlesgure difference correlates with the joint
position while the pressure sum correlates with the stfnef the joint [Granosik and Jezierski,
1999]. This means that both joint position and joint stiffeecan be adjusted independently. To
this end, we use a suitable mixing matrix to compute the twarob outputs from both goint
position error Af and astiffness errorAS:

flex Ky Kg AfO
(tilm> N (—KZ KS> <AS> (3.1)

As a stiffness measurg, we use the sum of the pressures in both muscles. The comntmits
tf1ec @Ndt.,; are the time periods used to open the valves of the flexor aleti®nr, respectively.
Positive periods open the inlet valves, negative periodmndbe outlet valves. Currently, the
frequency of the resulting pulse-width-modulation is se€5® Hz. In order to reduce valve chatter
near the targets, we use a dead zone.@f and0.2bar, respectively. For grasping, this accuracy
is sufficient, and the audible noise of the solenoid valvestha air flow is reduced considerably.

The controller parameters have to be determined sepafatedyach antagonistic muscle pair due
to differing friction along the various tendon routes. hRearmore, the movability of a joint is
affected by valve and muscle properties, and the diamefettsedendon pulleys actuating the
joint, which in some cases differ for the antagonistic mesclAlthough the muscles react quite
slowly, we can successfully track a square wave at 0.5 Hz;wikinearly half the speed of typical
human hand movements. Due to conservative parameter twengo not observe significant
overshooting, while reaching the target quickly.

3.1.3 Implementation of the Grasp Strategy

Before the grasp process of the strategy proposed in S&8o2 can be carried out, the grasp to
be applied has to be chosen. The development and the imptietioenof the standard grasps for
each grasp typeis described in Section 3.2. Additionally, optimised vers of object-specific
grasps are available in both robot hand setups after agpliggoptimisation strategy described in
Section 6.3. In both setups, each of these hand-dependmspsgran be chosen irrespective of the
target object.

TUM Hand Setup

The implementations of our grasp strategy differ betweentwo robot hand setups. The multi-
modal interaction setup integrating the TUM Hand providesgossibility of interactively choos-
ing the target from objects arbitrarily arranged in the vep&ce. The grasp type can be selected
by observation and 3D-identification of human hand posturie realisation of these capabilities
is out of the scope of this thesis but is described in detdiliiter et al. [2003]. After choosing the
grasp to be applied, the grasp strategy is realised by tlmiolg steps:
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1. Approach/Pre-grasp phas@ he target object is approached after the object’s 3Ddinates
are resolved by a stereo vision system to an accuracy of 8ot A visually guided fine-
positioning step based on the wrist camera improves the trrabout 1 mm and centres
the manipulator above the object. Then the wrist cameradd ts analyse the horizontal
orientation of the object which is the final parameter negdelbtermine the transformation
between the hand frame and the object-zero frame (defineddtiod 3.2.2). This allows
the system to compute the grasp type specific pre-graspgrogihich is subsequently ap-
proached. Concurrently the pre-grasp is actuated.

2. Placing phaseAfter the pre-grasp position is reached and the hand isargpasp posture,
the grasp position is approached.

3. Grasp closure phasé@/NVhen the grasp position is reached, the grasp is applied.

4. Stabilisation phaseThe fingertip force sensors, allow the evaluation of graapiksation,
i.e. determining if grasp type specific force thresholdsreaehed.

5. Lift-off phase When the grasping fingers exert sufficient forces on thestanject, the
hand is moved back towards the pre-grasp position.

Shadow Hand Setup

At the time when we implemented the grasp strategy onShadow Hand setup no vision
system was available that could guide the positioning ofrti®t hand in relation to the target
object. Thus, we define position and orientation of the dbieco-frame and supply them to
the robot system. Before the grasp strategy is applied, d@tgett object has to be positioned
according to this fixed frame. Another limitation that we ladope with was that the first force
sensor prototypes of the Shadow Hand showed strong séysitictuations. That complicated
the determination of force thresholds for stable graspingrt extent that we chose to use no
tactile feedback in the implementation of our grasp stratddese differences compared to the
TUM Hand setup changed the implementation of the graspeglyats follows:

1. Approach/Pre-grasp phaseThe predefined, grasp type specific pre-grasp position-is ap
proached. Concurrently the pre-grasp is actuated.

2. Placing phaseAfter the pre-grasp position is reached and the hand isargpasp posture,
the grasp position is approached.

3. Grasp closure phasé@/NVhen the grasp position is reached, the grasp is applied.

4. Stabilisation phaseFor the grasp closure phase and the stabilisation phagagatf five
seconds is assumed to be sufficient in the case of all grags sycept for the two finger
precisionts. When grasping small objects, the two finger precision greesply reaches its
target grasp posture. The parameterisation of the Shadow ¢tatroller (see Section 3.1.2)
produces slower finger movements when reaching the tarflets, for grasp typé; a time
of ten seconds is provided.

5. Lift-off phase When the time for grasp closure and stabilisation has etphe hand is
moved back towards the pre-grasp position.
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3.2 Development of Grasps

To realise the grasp types to ¢4 from the taxonomy for robot grasping in a robot hand setup,
standard graspg; to g4 have to be defined that meet the requirements proposed iiDISEc3.2.
For this purpose, appropriate parameterisationg;ao g4 are determined in a developmental
process. As introduced in Section 2.2.4, a grasp includegdint angle configurations: pre-grasp
and target grasp. Additionally, the positipnthe orientatioro, and the approach distandéave

to be identified.

The determination of these parameters is the subject oféuison. After identifying two param-
eters that are hand-independent, the developmental gratesalising grasp types for the two
robot hands we use is discussed, and the parameterisafitims standard grasps are presented.
Additionally, a fifth grasp type, théhree finger speciats, is defined and the development of its
standard grasps is described. The grasp type extends our taxonomy for robot grasping and
is used for grasping a particular benchmark object, the topedler. Sections 4.1.1 and 4.2.2
provide more discussion on this object.

3.2.1 Hand-Independent Parameters

Two parameters of the standard grasps can be determinegoeimdiently of the robot hand used.
One of these parameters is tApproach distancel. This distance distinguishes the pre-grasp
position from the grasp position. In the task of graspingeoty lying on a desktop from above,
the hand movement in the placing phase is directed perpgladitowards the desktop surface.
The only constraint on the approach distadds that it has to be large enough to avoid a contact
of the hand with the target object during the approach/passg phase. We found that for both
robot hands and for every grasp type an approach distante-af cm is sufficient. Thus, besides
being hand-independent, the parametes equal for every standard grasp.

The second parameter that does not depend on the robot hdadiovestigation is the azimuth
angle.

The Azimuth Angle «

(a) Red arrows of respective frames de- (b) The orientation of the object is analysed in the wrist
note hand and object orientation. camera picture during the approach phase.

Figure 3.5: Orientation of the hand and the target object.
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Thehand azimuthis defined as the projection of the orientation vector of thechinto the hori-
zontal plane, i.e. the plane of the desktop surface. The'hianiéntation vector is parallel to the
palm and is directed towards the outstretched fingers (sgped-8.5a). Thazimuth anglex is the
angle between the hand azimuth and the horizontal orientati the target object, which in the
case of the TUM Hand is known from visual object recognitiseq Figure 3.5b). The horizontal
orientation vector of an object is defined to be parallel ®ltmgest side of the horizontal projec-
tion of the object. If this projection is a circle (for insta in the case of balls or upright standing
cylinders) no distinctive horizontal orientation can béetimined.

In many studies on conditions that influence the orientatitihe grasping hand, objects with no
distinctive horizontal orientation have been used, andistuthat relate hand and object orienta-
tions are rare. Paulignan et al. [1997] showed that the w@tiem of the hand in relation to the
object mainly depends on object position. To be more pretimeauthors examined the orien-
tation of the opposition axis (defined as the line connedtirgtips of the thumb and the index
finger). They used cylindrical objects placed upright on aZomtal plane and thus no horizontal
object orientation could be determined. Other studies sdotliat not only the position of the
object but also the grasping movement direction deterntimesiand orientation in the grasp clo-
sure phase (for example, Bennis and Roby-Brami [2002] arimyvami et al. [2000]). In these
experiments, cylindrical objects standing upright weredu®o.

Objects with decisive horizontal orientation (bars) hatbéograsped in an experiment conducted
by Fan et al. [2005]. The authors found that the target oljeentation is a constraint on the

hand/arm orientation at the time of grasping. Their ressittsw that there is a difference of

approximately 75 degrees between the horizontal oriemsitof the hand and the object. This
difference is independent of target orientation and is fectdd even when this orientation is

changed during the grasp trial.

In preliminary experiments of grasping the 21 benchmarlectsjwith different orientations, we
found that this difference, azimuth angle= 75°, leads to the most successful grasp trials for both
of the robot hands we use. If the target object is sphericaharpright cylinder, of course can
take any value. But if an object with determinable horizbotgentation has to be grasped with a
precisiont; or t grasp type or a powes grasp type, an azimuth angle= 75° is appropriate
(compare orientation of red arrows in Figure 3.5a).

(a) Shadow Hand grasping the toy culbe TUM Hand grasping the toy prge) Shadow Hand grasping the toy pro-
(two finger pincht, pre-grasp pos- peller (three finger specidk pre- peller (three finger specidk grip
ture). grasp posture). posture).

Figure 3.6: Simulated grasps viewed from below the deskiigmd azimuth equals the object orientation
minus 90 degrees (red arrows are perpendicular) in the odisles two finger pinctt, grasp
type and the three finger specitglgrasp type.
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An azimuth anglex = 90° is suitable for the two remaining grasp types. In the casé@etwo
finger pinchty, the reason is that the side of one or both fingers is used &pdhe toy cube
(which is the only object being grasped with the two fingerchity), and thus the orientation of
the finger side and that of the object’s contact side shoulddual (see Figure 3.6a). The three
finger speciat; considers the complex shape of the object (toy propellad tle grasping fingers
which are widely spread in pre-grasp posture (see Figut® B&ve the best chance to enclose the
object (see Figure 3.6c) when the hand and the object otiemséaare perpendicular.

3.2.2 Coordinate Frames

The grasp position of the hand is defined by the position vegto The orientation vectob
determines the orientation of the hand in both the pre-gpasjtion and the grasp position. For
every standard grasp, the two vectgssand o, are related to the target object. Befgréndo

of each standard grasp can be determined, the coordinatedreelated by and o have to be
identified.

Each of the standard grasps has to be suitable for graspjegtelf different sizes and shapes.
For grasping even small and flat objects, it is essential ti@fingers close directly above the
desktop surface when applying a standard grasp. Thergiorelates to the projected point of
the object’s centre of mass into the plane of the desktomserfwhileo relates to the horizontal
projection of the object’s orientation.

(a) Hand frameH and object zero-framé®. have equal (b) Object frameD and object zero-framé.. are distin-
orientations when the palm is in parallel to the desk- guished by a rotation aroundzo_ and a translation
top. along it.

Figure 3.7: lllustration of the hand fram#, the object frame), and the object-zero fram@,. Red
arrows correspond to x-axes, green arrows to y-axes, aedlotaws to z-axes.

We define twacoordinate framesdepicted in Figure 3.7:

e Thehand frameH
The x-axiszy and the y-axig/y lie in the plane of the palm, whergy is directed towards
the outstretched fingers. The z-axig is directed towards the dorsal side of the palm and
ym completes a right-handed coordinate system. The osigiof the hand framé{ can be
defined for each hand arbitrarily.

e Theobject zero-framé&),
The origin of the target object zero-framkg is the perpendicular projection of the object’s
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centre of mass on the desktop surface. The z-axisis the perpendicular of the desktop
and is directed upwards. The x-axig . lies in the direction of the horizontal projection
of the object’s orientation rotated by the negative azimangle—« around the z-axiso, .
The y-axisyo, completes a right-handed coordinate system.

With this definition of coordinate frames, the position wech = (ac,y,z)_1 determines the
position of the hand by the translations:alongzo._, y alongyo,, andz alongzp.. The hand
is oriented according to the orientation vector= (v, 53, a)_l. With the palm in parallel to the
desktop surface, the hand is rotatedhbfroll) aroundxz and 5 (pitch) around the newy. The
yaw angle equala and is considered in the definition of the object zero-frame

3.2.3 Hand-Dependent Parameters

Without the two hand-independent parametérandc, the parameters to be determined for each
of the five standard graspall finger precisiong,, two finger precisiorny,, power g3, two finger
pinch g4, andthree finger special grasgs, are:

e z,y, andz of position vectomp,
e ~ (roll) and g (pitch) of orientation vectoo,
e a set of joint angles identifying the pre-grasp,

e a set of joint angles identifying the grasp.

The number of joint angles depends on the hand in use. Oyv2Baflarameters have to be deter-
mined in the case of the TUM Hand and 41 parameters in the dabe &hadow Hand. These

values are interdependent and are strongly related to haefey of the palm and the fingers of

the robot hand used. But they can be experimentally detednior every standard grasp in a
developmental process consisting of the following itematteps:

e Rearrange position and orientation of the hand.
e Modify joint angle values of pre-grasp and target grasp.

e Execute trials of grasping different objects.

The number of iteration steps that is necessary to realisaspdype, fulfilling the requirements
described in Section 2.3.2 and leading to a satisfactorgpgsaiccess, varies. It depends on the
grasp type to be realised, the hardware in use, whether camappropriate grasp simulator is
available, and on the experience of the developer. The gkedevelopment rules presented in
Section 3.2.4, following the discussion of the realisatadnthe standard grasps, facilitate this
process.

The parameters of position vectprand orientation vectov determined for the standard grasps
g1 to g5 are listed in Table 3.1. As already described, the yaw arglals the azimuth angle, and
a = 90° for the grasp types; andts;, while o = 75° otherwise.

The values of the roll angle and those of the pitch angledo not differ between the five standard
grasps in the case of the Shadow Hand. In contrast, thesesvshow more variance in the case
of the TUM Hand. The reason can be found in the dexterity ofttluenb. The Shadow Hand

is equipped with a thumb possessing five joints thereby lgatwo more degrees of freedom.
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standard grasps positionp (in cm) orientationo (in degrees)
x |y | z 7 (roll) | 8 (pitch) | a (yaw)
TUM-Hand

all finger precisiony; -6.4 | -0.2| 114 | -1.8 1 75°
two finger precisiory, || -3.9 | -1.7 | 11.8|] -1.5° 25° 75°
powergs -54 | -0.2| 11.3|| -1.% 26° 75°

two finger pinchy, 1.6 0 |17.0 0° 90 90°
three finger speciajs -48 | 0.1 | 13.7| -1.7° 26° 90°

Shadow-Hand

all finger precisiory; -95 | -12| 111} -1.% 1 75°
two finger precisiory, || -9.2 | -3.2 | 11.0|| -1.5° 10 75°
powergs -10.5| -0.2| 10.6|| -1.%5° 10° 75°

two finger pinchy, -85 | -6.0| 82 -1.5° 10 90°
three finger speciajs -9.8 | -24| 13.0|| -1.%7° 1 90°

Table 3.1: Positiom and orientatior identified for all standard grasps of both hands.

The lack of dexterity in the thumb of the TUM Hand has to be cengated for by adjusting the
orientation angles andg to achieve a thumb trajectory close to the desktop surface.

The following detailed discussion about realising the déaid grasps provides more explanation
of the parameters listed in Table 3.1 and a qualitative dasmm of the pre-grasps and the target
grasps. Detailed listings of the values of the joint angldigurations are presented in Section A.1.

Realising the Standard Grasps of Grasp Types ¢ to t5

e All Finger Precision Grasp g;

(a) Pre-grasp (TUM). (b) Target grasp (TUM).  (c) Pre-grasp (Shadow). (d) Target grasp (Shadow).

Figure 3.8: Pre-grasp and target grasp postures dltli@ger precisiongraspy; .

As the major characteristic of precision grasps is that dinget object is touched with the
fingertips, in the target grasp posture of @ikfinger precisiongraspg; (see Figures 3.8b
and 3.8d) the pads of the fingertips have to approach each @&bethey do not touch, to
allow both the detection of a successful grasp and the misssiof the object by analysing
the values of the fingertip force sensors (if they can be used)

In pre-grasp posture, the fingers have to be opened as fasaibleo to provide the ability

of grasping even large objects. In the case of the TUM Haralfitigers are completely

extended (see Figure 3.8a), but the fingers of the Shadow Harelto be slightly flexed

(see Figure 3.8c) because otherwise they could stick ita#sktop surface during grasp
closure.
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e Two Finger Precision Graspg-

(a) Pre-grasp (TUM). (b) Target grasp (TUM).  (c) Pre-grasp (Shadow). (d) Target grasp (Shadow).

Figure 3.9: Pre-grasp and target grasp postures dfitbdinger precisiorgraspgs.

With the two finger precisiorgraspg., it has to be possible to grasp very small objects. In
contrast to the all finger precision grasp, the index fingsrtbde flexed more, to minimise
the gap between the grasping fingers and the desktop sugeed-{gures 3.9b and 3.9d).
This is required to realise a high precision grasp becawstrthertips of the robot hands are
roundish at the top and are less soft when compared with tif@skuman hand. There is no
contact between the fingers in target grasp posture, totéeilan analysis of the fingertip
sensors according to the grasp success.

Again, the pre-grasp postures (see Figures 3.9a and 3.9e)tbigrevent the fingers from
sticking in the desktop surface during the subsequent griaspire phase. To prepare the
flexion of the index finger in target grasp posture, a moddlaten in pre-grasp posture is
required, even in the case of the TUM Hand.

e Power Graspgs

(a) Pre-grasp (TUM). (b) Target grasp (TUM).  (c) Pre-grasp (Shadow). (d) Target grasp (Shadow).

Figure 3.10: Pre-grasp and target grasp postures gfdiergraspgs.

In the target grasp posture ofp@wer graspgs (see Figures 3.10b and 3.10d) the fingers
have to adopt a more curved form than in the target grasp rgosfla precision grasp. To
enclose the target object lying on the desktop, with the fsmgeing more curved, the height
(2) of the hand has to be a bit less than in all other grasps.

In order not to stick in the desktop surface, the fingers ofltd®& Hand have to be flexed

by a small amount in the pre-grasp posture (see Figure 3.T@a)finger pre-grasp postures
of the Shadow Hand equal those of the all finger precisionpgm@sect the thumb is more
flexed (see Figure 3.10c).
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e Two Finger Pinch Grasp g4

(a) Pre-grasp (TUM). (b) Target grasp (TUM).  (c) Pre-grasp (Shadow). (d) Target grasp (Shadow).

Figure 3.11: Pre-grasp and target grasp postures aihéinger pinchgraspgy.

There are large differences between the finger pinchgraspsgs developed for the two
robot hands. The grasp types differ in the fingers used anasitipn p and orientation
o. The principle reason is that in the case of the TUM hand onynah grasp between
the index and the middle finger is realisable. Grasping wighthumb implies the sides of
all phalanges of the index finger must be used as opposing.f&é the metallic sides of
the proximal and the middle phalanges of the TUM fingers at@ppropriate for grasping
an object, and only the sides of the fingertips can be used.tigutype of pinch grasp
provides an advantage when grasping in constrained emeots as already discussed in
Section 2.3.2.

The realisation of the pinch grasp between the index and tlelenfinger of the TUM
Hand was uncomplicated. The orientation vector of the palperpendicular to the desktop
surface ¢ = 0°, 3 = 90°). In pre-grasp posture (see Figure 3.11a), the two fingess toa
be abducted so that the target object can be enclosed betlexan In target grasp posture
(see Figure 3.11b), the fingertips have to be as close adfmtsigrasp even small objects.
They do not touch each other for the same reason as discusfed.b

In the case of the Shadow Hand, the touch areas of the phalantgnd to the sides of the
fingers. Thus, the more common pinch grasp between the thamlampd the side of the
index finger can be applied. This grasp type provides largetact areas, which facilitate
grasps with higher stability when compared with the altévaapinch grasp between the
sides of the fingers. As shown in Figures 3.11c and 3.11dhtimab is mainly responsible
for opening and closure of the grasp, whereas the index fmiggrsupports it with a small

adduction movement in its metacarpophalangeal joint.

e Three Finger Special Graspgs

(a) Pre-grasp (TUM). (b) Target grasp (TUM).  (c) Pre-grasp (Shadow). (d) Target grasp (Shadow).

Figure 3.12: Pre-grasp and target grasp postures dahtbe finger speciajraspgs.
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Thethree finger speciajiraspgs is a standard grasp of a grasp tyigewhich extends our
basic robot grasp taxonomy as suggested in Section 2.3.&. gfdsp type has precision
characteristics because the target object is touched Ipaiteof the fingers. It was defined
for a particular benchmark object, the toy propeller (seetiSe 4.1), which could not be
grasped with the TUM Hand by applying any of the other stamhdpasps. Because of the
complex shape of the toy propeller, it is pushed aside byridex or the middle finger
before the thumb could exert an opposing force on the object.

The three finger special grasp avoids this circumstance gbdaoction of the index and
middle finger in pre-grasp posture (see Figures 3.12a a2¢)3.This leads to the enclosure
of a propeller blade during grasp closure and reduces tipdadisment of the object. The
target grasp posture (see Figures 3.12b and 3.12d) leadstict points between the blades
of the propeller during grasp closure. To reach these puiitksthe tips of the three fingers,
the distance A) of the hand to the desktop has to be larger than in the cask othar
standard grasps.

3.2.4 General Development Rules

Since the TUM Hand was available for this study before olnagithe Shadow Hand, the grasp
types were primarily developed for grasping with the TUM Hamd ported to the Shadow Hand
afterwards. Additionally, the grasp simulation was notilalde at the time when the grasp types
were developed, but the simulator has been useful for tligiption in the case of the Shadow
Hand. By determining the 25 (two hand-independent plus 28{tEependent) parameters of each
grasp type for the TUM Hand in the developmental processribest; a lot of experience was
gained that facilitated this tuning phase in the case of tre8w Hand.

Some general rules summing up these experiences and |degdifating this process can be
formulated. The positiop and the orientatiom have to be adjusted such that the centre point of
the grasping fingers is close to the object’s centre of mags.el-grasp posture, the fingers have to
be opened as much as possible such that even large objedts eanlosed. For the corresponding
target grasp posture the fingers have to be close to each bthenust not touch. This allows the
detection of a successful grasp as well as a failure by simgalging a binary contact value from
the fingertip sensors. To cope with flat and small objectss ggsential that the fingers close
directly above the desktop surface while avoiding to stidfo iit. Relating to the target grasp
posture, that means that the fingertips reach a positiore ¢tthe surface. In pre-grasp posture,
the fingers have to be bent far enough that sticking of the finigeavoided during grasp closure.
Based on these constraints, it is fairly easy to develogbkldgtrealisations of the grasp types.
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4 Benchmark and First Evaluation

For evaluating grasp types realised in a robot hand setup@ngaring the capabilities of different
robot hands and different grasping strategies, we defineehbeark system. This includes a di-
versified repertoire of everyday objects and defines a beadttast. It is described in Section 4.1
after reviewing several grasp assessment tests existitiffénent research fields.

A first evaluation of the basic grasp types with the TUM Hanitisitg the benchmark system

proposed is presented in Section 4.2. The results of theiexget defined by the benchmark test
are discussed and are used to choose the most suitable gpasioit each particular benchmark
object.

4.1 Benchmark System for Robot Grasping

To evaluate grasping of everyday objects and to comparecitierpmance of different robot hands,
an assessment test is required. We have found hardly anyatieal tests for robot grasping and
there exists no standardised benchmark. Even in the fieldaraf surgery, rehabilitation, and the
design of prosthetic devices standardised methods areatireugh many assessment tests for the
purpose of evaluating pathologic and prosthetic hand fon@xist.

In a detailed review of existing hand assessment proceduigit et al. [1999] conclude that
there is no conformity in these protocols and most of them oel subjective evaluations. These
tests are commonly used on a comparative basis, to enalglecsisrand therapists to evaluate the
rehabilitation of an injured or dysfunctional hand. A subjee evaluation of the transition in hand
impairment during and after treatment is important, busé¢hlends of tests cannot provide a basis
for a standardised and objective procedure with quantigdirements.

A few approaches to standardised hand function tests fopfmagic and prosthetic hands exist. In
these tests, the term "hand function” is not used uniforimly,generally it encompasses the ability
to perform tasks encountered during everyday living [Lighal., 1999]. A hand function test, for

comparing the results of reconstructive hand surgerygisgsed by Sollerman and Ejeskar [1995].
It consists of 20 activities of daily living. For each of tleeactivities one, two, or three out of seven
different grasp types are allowed. Scoring is based on timngims but also on subjective appraisal
of the grasp type used. A procedure for evaluating patholagd prosthetic hand function that
results in an "index of functionality” by only evaluatingeghime needed is proposed by Light
et al. [2002]. 12 abstract objects and 14 everyday objects tabe grasped and manipulated.
Although one or more out of six grasp types are allowed fohéask, the type actually chosen by
the subject is not evaluated.

In contrast to existing assessment tests of pathologic avgdietic hand function, our benchmark
has been devised for evaluating grasping with a robot hadchanfor the ability of the hand to
perform everyday tasks. Such tasks require a lot of diffehamd and arm movements that are
out of the scope of this thesis. Nevertheless, our benchomariplies with the main requirements
Light et al. [1999] impose on standardised assessments:

e The test must cover all possible grasp types.

¢ No subjective opinion should be used during the evaluation.
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e The current technology should not affect the determinatifiihe test procedures.

A first attempt to promote the definition and use of benchmirksbotic manipulation and grasp-
ing is done by the EUropean RObotics Network [EURON, 2008je Tontributers propose three
different benchmark tests [Pobil, 2006]. In the first tesb(th regularly and non-regularly shaped
objects have to be grasped and re-grasped. Test (ii) comdist pick and place operation. After
lifting the object, it has to be accelerated in differentedtions, and the maximum acceleration
is taken as the evaluation measure. The pick and place tas&sti(iii) have to be performed as
quickly as possible and the measures should be time anstissbf failures.

A first experimental protocol for a benchmark based on téshés been proposed by Morales
[2006]. The goal of this experiment is to test different mdares for visually-guided grasping.
By only using visual information of 67 planar objects, a dethoee-finger grasps are determined
and executed [Morales, 2003]. Two of these grasps have lva&raged for maximum acceleration
to illustrate test (ii) [Morales, 2006]. This test is onlypmppriate if the target objects are highly
likely to be grasped and lifted successfully. Then the vafiemaximum acceleration can be a
useful quality measure.

Everyday objects with different sizes and shapes, howaveifficult to grasp with a robot hand.
We propose a benchmark test that leads to a more suitableageal of the quality of a grasp:
executing several grasp trials on each object, and takimgiimber of successful trials as evalu-
ation measure. The time needed to execute the grasp is rgileoed in our grasp optimisation
strategy proposed in Section 6.3. Thus, our benchmarksedso not related to test (iii). At best
it matches the EURON test (i) for manipulation and graspirmg,the "grasp and re-grasp test”.

The benchmark test we propose is presented in Section 4t is&pplied to a set of 21 everyday
objects. In Section 4.1.1 the various aspects consideretidosing the benchmark objects are
discussed. Note that typically anybody interested in rapasping is familiar with the chosen
objects and can gather similar objects as required. If ibtgossible to obtain an exact model of
a benchmark object, it is necessary to have charactertbtitllow the selection or construction
of a similar object that poses equal challenges for the grespess. To this end, we provide all
of the characteristics that are required in Section 4.haddition, we use these characteristics to
develop models of the benchmark objects in our grasp siowilatroduced in Section 6.1.

4.1.1 Benchmark Objects

To create a benchmark system for the evaluation of graspieiy@ay objects, a diversified reper-
toire of objects was used. When applying the benchmark systénas to evaluate general grasp-
ing capabilities and must not be restricted to a specific domeherefore, objects were chosen
that humans use in a variety of everyday situations foundanyndifferent scopes of application:
office equipment, toys, toiletries, sports goods, crockeoyisewares, electronic equipment, food
and tools. Itis also valuable if the objects differ in the retweristics that affect the grasping pro-
cess and lead to potentially different classes of grasgdiffi. Thus, the objects have to differ in
size, shape, mass, surface condition, compliance, cehinass in relation to the geometric cen-
tre, and plasticity. Based on these considerations 21 éagrgbjects were chosen as benchmark
objects which are pictured in Figure 4.1.

For categorising these objects, we distinguish betweeuliffieulties the objects can impose on
the grasp process. This process can be interpreted as atifimméthe grasping fingers and is
often treated as a shape matching problem (see, for exairip@d Pollard [2005]). Both the

shape and the plasticity of the objects have to be considéired leads to a categorisation divided
into three main classes: 1) simple geometric shaped obBatemplex geometric shaped objects;
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Figure 4.1: The real benchmark objects and their 3D-modessmulation. After the first evaluation of
the standard grasps applied with the TUM Hand, the 21 objeete subdivided into five
categories with increasing grasp difficulty (see Secti@).4.

3) form-variable objects. To provide diversity of sampldygeats, the first category considers the
most common simple geometric shapes, i.e.: sphericalccwboid, cylindrical and conical
shapes. The selected 21 objects are categorised accondihgge and formability as follows:

1. Simple geometric shaped objects:

sphere: tennis ball (6), golf ball (13);

cube: toy cube (3);

cuboid: matchbox (14), eraser (19);

cylinder: can (4), board marker (11), tea light (12), pei);
cone: cup (10).

2. Complex geometric shaped objects:
adhesive tape (1), toy propeller (2), sharpener (8), rematérol (9),
light bulb (15), voltage tester (18).

3. Form-variable objects:
tissue pack (5), paper ball (7), chocolate bar (16), foldirg (17), bunch of keys (20).

Two objects, the toy cube and toy propeller, are compondrda assembly scenario investigated
in the framework of the long-term Collaborative Researchtfze(CRC 360) “Situated Atrtificial
Communicators” funded by the German Research Society [Etiak, 2006].

! The bracketed numbers correspond to the imaged objectgime=i. 1.
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4.1.2 Object Characteristics

The characteristics required to simulate an object are ispthe dimensions, the offset of the
centre of mass from the geometric centre in the longitudiiraiction, and the two coefficients of
friction (static and dynamic).

no. object mass dimensions (mm) offset || frictional coefficients
(9) length | width | height || of CM static dynamic
1 | adhesive tape|| 24.6 61.7 | 53.4 | 26.0 - 0.39 0.32
2 toy propeller || 25.9 91.2 | 91.2 | 514 - 0.33 0.18
3 toy cube 12.2 31.0 | 31.0 | 310 - 0.31 0.14
4 can 368.0|| 65.8 | 65.8 | 115.6 - 0.23 0.18
5 tissue pack 25.7 || 107.0| 53.0 | 25.0 - 0.35 0.32
6 tennis balll 58.4 66.0 | 66.0 | 66.0 - 0.79 0.74
7 paper ball 5.0 68.0 | 58.0 | 46.0 - 0.75 0.71
8 sharpener 24.4 36.6 | 36.6 | 57.0 - 0.44 0.42
9 | remote control|| 145.9|| 165.0 | 50.0 | 40.0 11.0 0.4 0.37
10 cup 236.4| 107.5| 85.0 | 65.0 10.0 0.4 0.4
11 | board marker|| 16.8 || 140.0| 17.8 | 17.8 2.0 0.44 0.4
12 tea light 13.5 38.0 | 38.0 | 165 - 0.3 0.25
13 golf ball 45.7 42,7 | 42.7 | 427 - 0.25 0.22
14 matchbox 7.2 52.0 | 37.0 | 135 - 0.48 0.42
15 light bulb 28.3 || 103.5| 60.4 | 60.4 9.5 0.3 0.26
16 | chocolate bar|| 55.7 || 101.0| 30.5 | 22.0 - 0.3 0.29
17 | folding rule 101.4| 235.0| 16.4 | 39.0 - 0.31 0.29
18 | voltage tester|| 16.9 || 139.3 | 17.5 | 15.0 115 0.26 0.22
19 eraser 17.9 49.0 | 103 | 24.2 - 11 0.8
20 | bunch of keys|| 98.6 69.0 | 26.0 | 17.0 - 0.3 0.26
21 pencil 4.4 175.0| 7.6 6.9 55 0.3 0.29

Table 4.1: Characteristics of the benchmark objects. Theedsions of three form-variable objects, the
tissue pack, the paper ball, and the chocolate bar, are fdiilmes of grasp”. The seventh
column lists the offset of the centre of mass (CM) from thergetic centre in longitudinal
direction.

These characteristics are listed in Table 4.1 and were mezhsu experimentally determined for
all benchmark objects. The method for determining the auefits of friction is described below.
Afterwards, the number and the definition of object dimemnsiare discussed. The concepts of
"dimensions of sight” and "dimensions of grasp” are introeld because form-variable objects
need special treatment.

Determination of the Coefficients of Friction

The static and dynamic coefficients of friction between ajects and the desktop surface were
determined experimentally by applying Newton’'s laws of imot(for example, see Tipler and
Mosca [2004]). The surface material is the common cottomidalith which the desktop is
covered.

In order to move an object, a for¢E,| parallel to the desktop has to be applied that is larger than
the static friction| Fs| (see Figure 4.3)|F| is the product of theoefficient of static friction 1
and the normal forcgF | (the force exerted perpendicular to the desktop causedebgliject’s
mass)

[Fa| = |Fs| = ps|Fn|.
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Figure 4.2: Forces acting upon an object on an inFigure 4.3:  Schematic diagram of the frictional

clined plane. forces, as a function of the force ap-
plied on the object in parallel to the
desktop.

For an object with mass: lying upon an inclined plane (see Figure 4.2; here the dhétibon F
acts as the frictional forc€'y) this parallel force due to gravity is

|Fo| = mgsina,
and the normal force is
|F x| =mgcosa.
Therefore,
mgsina > [igMmg cos &
tana > ps .

That means that the coefficient of static friction is equathe tangent of the angle at which
the object begins to slide. Thus, to determine the coeffi@éstatic friction, an inclined plane

covered with the surface material of the desktop is raisesiriall steps until the object starts to
move.

The dynamic frictionF}, (now acting as frictional forc#’s in Figure 4.2) resists the motion of one
surface sliding over the other. It is almost constant ovelidewange of low speeds (illustrated
as an idealised horizontal line in Figure 4.3) and is defingthle product of theoefficient of
dynamic friction and the normal force

|Fx| = | Fn|-

Upon an inclined plane, the resultant parallel fof¢gtaking effect on a sliding object is given by
F,=F,+Fy,
and its absolute value can be calculated as
[F'p| = mgsina — ugx|Fy]|
ma, = Mg sin a — Mg Ccos .
This equation can be solved to obtain the coefficient of dyadriction

Ap
g Ccos

nr = tano —

If an object is sliding on an inclined plane with constantespg,, = 0), the coefficient of dynamic
friction is equal to the tangent of the angle of the plane. réfoge, a suitable way to determine
the coefficient of dynamic friction is to raise an inclinecipé, covered with the material of the
desktop, in steps and gently set the object on it into motibthhe object speeds up, the angle of
the inclined plane has to be decreased until the object mimsa the inclined plane at constant
speed.
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Object Dimensions

The dimensions of the benchmark objects are easily descinlbthe case of the simple geometric
shaped objects. The most simple geometric shaped objectpherical objects, like the tennis
or the golf ball because they only need one parameter, ieediimeter or the radius, to be fully
defined in their dimensions. This shape definition is onlyreedf the concavities in the surface
are taken into consideration, but for grasping, this aspacte neglected.

Two parameters are required to describe cylindrical shapgztts like, for example, the tea light
or the can. For the latter, the simplification of flat head aoitidon has to be accepted, which does
not correspond to reality, but is sufficient for graspingéaese no finger contacts those regions.
Three dimensions (length, width, and height) are neede@goribe cuboid shaped objects like,
for instance, the eraser or the matchbox.

More complex shaped objects having holes, convexities,candavities like the adhesive tape,
for example, are more difficult to describe, and a descriptibthe form-variable paper ball is
almost impossible. Therefore, and because a simplifieccbljedel in many cases is sufficient
for grasp optimisation in simulation, the description o tthape of the objects is limited to a
specification of three dimensions. For unification the skagespherical and cylindrical objects
are also described by the three parameters, length, widdhheight, in Table 4.1.

To determine the three dimensions of each object, the mamidlistance in each direction was
measured by a calliper, so that these dimensions define thkesincuboid the respective object
could be contained in. Each height is specified by the oriiemtahe objects adopt in Figure 4.1.
For instance, the heights of the can and the board markeqaeg ® their diameters. If the sides
of an object differ in their dimensions, the larger one alsvdgfines the length and the smaller one
determines the width.

Dimensions of Form-Variable Objects

For object simulation or obtaining an adequate substitéi@ lmenchmark object, in the case of
form-variable objects, it is reasonable to use "dimensiohgrasp” instead of "dimensions of
sight”. Dimensions of sigh&re dimensions that are visible and are measurable with &cabp
device like, for example, a 3D-scanner. They can also beunedsvith a calliper, but it is essential
that the object is not deformed during the measurenieimhensions of graspon the other hand,
are the dimensions that a human or a robot hand adapts to,thdaéingers enclose the object and
the contacts are stabilised. That means that a form-varw@fjkect is deformed to the dimensions
of grasp before the forces exerted on the object are stromggérto lift it.

no. object dimensions of sight (mm)| dimensions of grasp (mm
length | width | height || length | width | height
5 tissue pack || 108.0 | 54.0 27.0 107.0 | 53.0 25.0

7 paper ball 84.0 | 68.0 55.0 68.0 | 58.0 46.0
16 | chocolate barj| 130.0 | 35.0 24.0 101.0 | 30.5 22.0

Table 4.2:Dimensions of sighinddimensions of graspf three form-variable benchmark objects.

The dimensions of grasp of the tissue pack and the chocddatare easily measured by utilising
a calliper. Because the packages of these objects contam &0, the calliper jaws are forced into
contact with the object until the jaws exert enough forceftdtl In the case of the paper-ball, the
determination of the dimensions of grasp is more complithexrause these dimensions vary with
the forces the hand exerts on the object. The paper-ballegnasped with a gentle or a powerful
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grasp. To determine the dimensions that are most reasofualilee simulation of the object (see
also Section 6.1.2), it was grasped by the real TUM Hand amtréal” dimensions of grasp were
measured. These are the dimensions that the paper-balhisressed to by the hand when each
of the three fingers exerts a force of about 0.7 N. The dimessaf sight are compared to the
dimensions of grasp for these three objects in Table 4.2.

The remaining two form-variable objects consist of rigidngonents. When grasping the fold-

ing rule, its elements do not get displaced. Therefore, iiteedsions of sight are equal to the

dimensions listed in Table 4.1. In the case of the bunch of kiéye dimensions of grasp are those
determined when the keys are pushed together. Becauségdhimant of the keys can be observed
during the trial of grasping the bunch of keys with a robotdabhis reasonable to use these di-
mensions in simulation (see Section 6.1.2). Hence, thertiimes of grasp match the dimensions
of sight in the case of an aligned bunch of keys. In fact, tineetisions are similar to those of the
largest key and are listed in Table 4.1.

4.1.3 Benchmark Test

We define a benchmark test for the evaluation of robot grgspty applying this test, the grasp
capabilities of different robot hands, grasp strategiesgrasp types can be compared. The bench-
mark test is a quantitative experiment which determinesstloeess rates when grasping objects
with a real robot hand. It is applied in a scenario in which aipalator consisting of a robot hand
mounted on a robot arm has the ability to reach a target olyjiect on a desktop.

The following constraints and rules provide the basis foelable comparison of the grasp per-
formance of different manipulators and different grasps:

Threeconstraints are associated with that framework:

e The benchmark object is placed motionless and unattachedlahdesktop.
e The object has to be grasped from the surface of the flat degktd over an edge).

e The object is within reach of the robot arm and its positiod anentation are approximately
known to the robot system.

Therules for determination of the grasp success are:

e Each benchmark object is grasped in ten trials.
e Each grasp trial starts from a home position which is difiéfeom the grasp position.

e A grasp strategy, like that proposed in Section 2.2.4, idiegpn which the manipulator
approaches, grasps, and lifts the target object.

e A grasp is successful if the object is picked up and is notdasing a lift-off phase lasting
at least five seconds.

4.2 First Grasp Evaluation

The proposed benchmark system permits the evaluation ajrdesp types; to ¢5 realised by
the standard graspg to g5 described in Section 3.2. In a grasp experiment specifiechby t
benchmark test, we grasped every benchmark object withtéimelard grasps realising the basic
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grasp types. The success rates of all grasp type / objedhgmiare used to identify the most
suitable grasp type for the respective object. This fatédi the development of optimal grasps for
each particular object as described in Section 6.3.

4.2.1 Choice of the Grasp Type

After developing the standard graspsto g5 and implementing them into a robot hand setup, each
of these grasps can be applied for grasping any object. Bedaey provide different precision
and power capabilities, some of these grasps are expede=titto more success than others when
being applied for grasping a specific object.

From studies of human grasping (see, for example, Iberalllyons [1984], or Cutkosky and
Wright [1986]), it is known that humans choose a grasp tygeeddent on three constraints: 1) the
intended object usage (task requirements); 2) the intrioisject properties (size, shape, weight);
and 3) obstacles in the environment (workspace requiresheit knowledge-based approaches
to robot grasping, features like object shapes are priyneglated to grasp types depending on
heuristic rules (see, for example, Stansfield [1991] or éVikt al. [2003]). In our robot hand
setups, vision modules allow the observation and 3D-ifleation of the human hand posture.
This posture is subsequently mapped to one of the implemenmnssp types which can be chosen
to apply with the robot hand [Steil et al., 2004]. But a diffiet grasp type may be more suitable
than the one chosen in this manner.

For choosing the grasp type most appropriate for graspirgyticplar object, we use the bench-
mark test presented in Section 4.1.3. Each available gygspi$ evaluated, and the grasp type
leading to the largest number of successful grasp trialsesriost suitable one for grasping that
specific object. If two or more grasp types lead to the sams&pggaccess, the grasp type is chosen
that is most robust against rotation around roll, pitch, gad axes of the hand. If in the case
of two grasp types, both the number of successful grasg taiadl the number of trials in which
the subsequent rotations do not result in the loss of thecbhje equal, the grasp type is chosen
which, per definition of Section 2.3.2, is more appropriatethe target object. For example, the
all finger precision; is the most appropriate grasp type if the matchbox (objectiddhas to be
grasped, which is a light and middle-sized object. For grasthe large and roundish tennis ball
(object no. 6), the poweg grasp type has to be chosen. Table 4.3 provides more inframand

is explained in the following discussion of the first evaloatresults.

4.2.2 Evaluation Results

At the time when we conducted the first grasp evaluation éxyet, the Shadow Hand was not
at our disposal. Thus, we only evaluated the grasp typesedaior the TUM Hand. Table 4.3
presents the results of the quantitative experiment intwtiie 21 benchmark objects were repeat-
edly grasped. Grasping of each object was attempted tes tivith each of the four grasp types
defined in Section 2.3.2. Numeric entries show the numbeuadessful trials for the particular
grasp type / object pairing, while dashes indicate inféaghirings.

The evaluation of the experiment reveals some interestatgild. Six objects were successfully
grasped in all of the ten trials when the most suitable grngspwas used. The toy propeller (object
no. 2), is of a particularly complex shape and cannot be ghbg any of the four standard grasps
g1 to g4. For this reason, the grasp typespecialised for this object was realised by developing
the three finger specigk. The abduction of the index and the middle finger in pre-grasgiure
are primarily responsible for all of the ten grasp trialsnigesuccessful. The bunch of keys and the
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no. object all finger two finger power | two finger|| grasp
precisiont; | precisiont, t3 pincht, stability

1 | adhesive tape + - 10 - +

2 toy propeller 10 successful trials with three finger special +

3 toy cube + - (+) 10 +

4 can - - 10 - 0

5 tissue pack + - 10 - +

6 tennis balll + - 10 - +

7 paper ball (+) - 9 - +

8 sharpener 8 (+) + (+) +

9 | remote control - - 8 - 5
10 cup - - 9 - +
11 | board marker - 7 - - 5
12 tea light 6 - - - +
13 golf ball - - 7 - +
14 matchbox 7 (+) + (+) +
15 light bulb (+) - 6 - 4
16 | chocolate bar 5 - - - 4
17 folding rule - 4 - - 3
18 | voltage tester - 3 - - 2
19 eraser - 4 - - +
20 | bunch of keys 0 - - - 0
21 pencil - 0 - - 0

Table 4.3: Results of the experiment for evaluating thedogisasp types; to ¢4 realised by the standard
graspsy; to g4 developed for the TUM Hand. The number of successful trisdg@ 0) out of 10
grasp attempts, denotes the most suitable grasp type. Wamnmiag grasp types are indicated
as "+"; also possible, "(+)": possible but with less chanoésuccess, "-": not possible. The
toy propeller (no. 2) needs a specialised grasp typd he final column gives the number of
trials where the grasp is robust against rotation of the tedted lifting up ("+”: robust in all
trials).

pencil (object no. 20 and 21) are very close to the limits eftitardware capabilities of the TUM
Hand, and no grasp trial was successful.

The standard grasps developed in accordance to the rubadigiséd in Section 3.2 in fact are
suitable to grasp objects possessing characteristicsea#fisd in Section 2.3.2. That means that
for large, roundish, and heavy objects the powegrasp type leads to most success, while for
small or thin objects the two finger precisiofn is most suitable. In between these two groups
of objects, middle-sized objects are best grasped with tgeiftips having contact, by utilising
the all finger precisiorn; grasp type. Because there are no obstacles in the testiscenahich
objects are grasped from a flat desktop, the kind of two fingerha, grasp type we developed in
the case of the TUM Hand does not benefit from its advantad¢eesiin constrained environments.
Hence, it is the most suitable grasp type only when graspiaddy cube (object no. 3).

Altogether, the first evaluation of the standard grasps |dpeée for the TUM Hand shows that
all objects, except for two, can be grasped by utilising aasp strategy. We observed that in
most grasp trials which failed, the grasping fingers touchedbject in an asynchronous manner.
We discovered that as the time between the first and the lag&trfiouching the object increases,
the chance of success decreases. This qualitative assamedi to the idea of conducting an
experiment on human grasping which is described in Chaptéd8litionally, depending on the
target object, it seemed that a different thumb grasp pesiould lead to more success. We utilise
these experiences in the optimisation strategy describ&edtion 6.3.
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5 Experiment on Human Grasping

For optimising robot grasping, we pursued the line of biaatly motivated approaches to grasp
synthesis, grasp strategy, and grasp taxonomy by conduatirexperiment on human grasping.
The experiences gained during the performance of the gdrelim robot grasp experiment de-
scribed in Section 4.2.2 lead to the assumption that thelales@ standard grasps implemented in
both robot hand setups can be improved in their chance op guascess by optimising for touch-
ing the target object with the grasping fingers in a more diamglous manner. To substantiate
this assumption, we performed an experiment on human gigspiwhich we investigated the
thesis that people strive f@montact simultaneityvhen grasping objects, i.e. humans try to touch
the target object at the same point in time with each grasimggr. Because two opposing forces
can be sufficient for grasping an object (compare Sectiof3R.®e assume that people strive for
contact simultaneity of two opposing fingers primarily. Betssumptions are investigated in an
experiment where subjects were asked to grasp differeattshj

The fact that all grasping fingers do not touch the objectetstime point in time does not mean
that people do not strive for contact simultaneity. Therefameasure of contact simultaneity
required. To this end, we define four different potential sugas and examine which are more
reliable for providing a measure of contact simultaneityesiBles analysing the assumption that
people strive for contact simultaneity, a reliable measdreontact simultaneity can be used for
measuring the success of a strategy that optimises theasthigdasps of our robot hands for
contact simultaneity.

In summary, the purposes of the experiment on human grasping

(i) to prove the assumption that people strive for contact saneity, and

(i) to identify a reliable measure for contact simultaneity.

The potential measures and other definitions required asepted in Section 5.1. After review-
ing studies on human grasping in Section 5.2, we propose moagh to determining the hand
opening in Section 5.3 as an improvement to the "grasp agértised commonly. In Section 5.4
the setup and the methods applied are described, beforetini®b.5 the results of the experiment
are discussed. Our conclusions are summarised in Sec@on 5.

5.1 Definitions

We define four different potential measures for contact &ameity. These measure are tasp
forming time(GFT), thegrasp opposing timéGOT) and, by relating them to thgrasp closure
time (GCT), the relative measures GOT% and GFT%.

The GFT is defined as the time required §pasp forming This is the elapsed time between the
first finger contact with the object and the first moment whesg fbuched by all fingers that are
involved in the grasp (non-grasping fingers have to be detexnand excluded from analysis).
The GOT is the time required fagrasp opposingi.e. the time between the first finger contact
and the first contact of a finger exerting an opposing forceonly two fingers are involved in

the grasp, the GOT equals the GFT. If there are more graspiggr, GOT is less than or equal
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to the GFT. It is assumed that these grasp times tend to béeslior rapidly executed grasps
than for grasps conducted more deliberately. Thereforejefiae two relative measures, GOT%
and GFT%, and it is expected that these are more reliableuresafor contact simultaneity. To
determine these measures, GCT is defined to be the time bethe@oint of peak hand opening
(defined in Section 5.3) and the moment when the last gradipiggr touches the object. Then:

GCT > GFT > GOT . (5.1)
and
GFT GOT
_ _ oYl 5.2
GFT% GOT GOT% GO (5.2)

For determining the points in time when the fingers touch thiea, we used a measurement
system that provides the opportunity to sample at a frequen@&50 Hz. This frequency is high
enough that it is improbable that all finger contacts aredafetein the same sample, even if the
subjects strive for contact simultaneity. Thereforeinge framet; (in seconds) has to be deter-
mined in which finger contacts are considered to be simubiasme For examining the effects of
differentz; on the analysis of contact simultaneity, we define threeuéfitcontact strategies

The both strategyis applied if: “the thumb and any opposing finger touch theecbgimultane-
ously”. If a finger touches the object before the thumb, thieahs dragged towards the thumb.
In this case, théinger drag strategys used, which means that: “any finger, except for the thumb,
touches the object first”. A third strategy, ttteimb push strategys applied when: “the thumb
touches the object before any other finger”.

All grasp trials investigated are classified into one of tire¢ contact strategies. The percentages
of the three contact strategies in ratio to all grasp triaésexamined in dependency of different
time frameg ;. For this purpose, the time framgis compared to the grasp opposing time (GOT).
If GOT < ty, the grasp trial is classified into th®th strategy If GOT' > ¢, the strategy the
grasp trial is classified into depends on the first finger togcthe object as defined above.

5.2 Review of Studies on Human Grasping

There is a variety of studies on human grasping, but to ouwledge their exist no study that
examines contact simultaneity in terms of the time elap&ietyveen different finger contacts.
We found a few studies investigating the grasp closure tibog,in contrast to the experiment
we conducted, in all of them only the thumb and the index fingere used for grasping. This
simplifies determining the beginning of the grasp closurasghby identifying the "peak grasp
aperture” as measure for the maximtwand opening

The "grasp aperture” is defined as the distance between tingttland the index finger. This kind
of measure is simply calculated and compared, and only twiers one affixed on the thumb
and one on the index finger, are required. This simplicity tiedack of advanced measurement
systems seem to be the reasons why the majority of existagpgrg studies conducted in humans
and monkeys use the peak grasp aperture as a measure fordineumahand opening (e.g. Gen-
tilucci et al. [1996]; Mason et al. [2004]; Paulignan et 41997]; Roy et al. [2002]; Saling et al.
[1998]). In some human grasping experiments (e.g. Bootdrak [d994]; Chieffi and Gentilucci
[1993]; Weir et al. [1991]; Smeets and Brenner [2001]; Zaml Bootsma [1993]) subjects were
requested to use the thumb and the index finger only. But iertitan these two fingers are used,
the grasp aperture as a measure for the hand opening igheregltence of the other fingers and
might be inadequate or at least inaccurate.
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Mamassian [1997] found that in his experiment, where objeare grasped with all five fingers,
the analysis of the time to peak grasp aperture revealedddéresults if the grasp aperture was
defined as the distance between the thumb and the middle firsgead of the thumb and the index
finger. But although Mamassian could measure the positibtisumb, index and middle finger
simultaneously, he used simply the distance between timetiland one other finger for identifying
the hand opening. Santello and Soechting [1997] not onlypewed the distance between thumb
and index finger with that of the thumb and middle finger, babakith the distances of thumb
and ring finger and thumb and little finger. The authors terthede distances "finger span” and
one result of their experiment was that the thumb-little éingombination was less accurate than
the other finger combinations in the task of matching sizediftdrent cubes. Yokokohji et al.
[2004] extended the definition of the "finger span” by consrug a third finger. The purpose of
their experiment was to investigate the velocity of handhapege by using a data glove, and "span”
was defined as the area of the triangle between the threeftibs thumb, the middle finger, and
the index finger.

Supuk et al. [2005] propose a method for grasp evaluationetmploys all five fingers and is
based on the definition of a "pentagon plane”. By selectingdHingers, this pentagon plane
is defined, while fingertip positions of the remaining two Bng are projected onto the plane
perpendicularly. The area specified by this pentagon is ased measure for hand opening,
and Supuk et al. assume that this approach is more inforengttan the grasp aperture used
commonly. But some information is still lost because theagise of the position between each
of the remaining fingertips and the pentagon plane, and thesteof their contributions to the
hand opening, is neglected. An approach to determiningdhd bpening that also considers this
information and thus is more reliable we propose in Secti@n 5

Many experiments can be found studying grasp types in manfeyg. Butterworth and Itakura
[1998]; Hopkins et al. [2002]; Roy et al. [2002]; Mason efaD04]), but less attention to this issue
has been paid in studies of human grasping (e.g. Newell £393]; McDonnell et al. [2005]).
The most interest in comparisons of different grasp typesheafound in the area of children’s
handwriting (e.g. Burton and Dancisak [2000]; Schneck areddérson [1990]; Yakimishyn and
Magill-Evans [2002]). However, these studies describediasp patterns used by children in
holding a pencil, a crayon, or a marker and do not considegthsp closure phase, in which
the writing implement is touched. Thus, thentact strategywhile acquiring the object was not
observed, and studies which examine this issue can rardtube.

A study that addresses both the variations in human grags tgpd in the finger contact strategy
was conducted by Wong and Whishaw [2004]. The authors iigaget] precision grasps in ex-
periments with children and adults. The five categories ota strategies Wong and Whishaw
define can be mapped to the three categories we propose gibcteo the opposing finger which
touches the object first. Considering this reduction ofgates, their results can be interpreted
as indicating a significant strategy preference in favowrsirfig thefinger drag(47 %), versus the
both (30 %), and thehumb push(23 %) strategy. The classification of the grasp trials wasedo
by analysing a video of the experiment recorded by a digaat@order, but Wong and Whishaw
[2004] provide no information how precise finger contactaintould be determined and in which
time framet, two opposing contacts are considered to be simultaneousth@nresult of their
study was that no significant correlations were found betwviee sequence of finger contacts and
the grasp type used. Consistent with that finding, in our expnt we do not distinguish between
different grasp types, since we assume that humans striveiftact simultaneity independently
of the grasp type applied.

To our knowledge there are no studies investigatimgsp times like the grasp forming time
(GFT) and the grasp opposing time (GOT), but some studiesidered the grasp closure time
(GCT). Topics of these investigations are hand injuriesrautological illnesses (e.g. Simoneau
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et al. [1999]) and the relationship between the transpott grasp components of prehension
movements (e.g. Gentilucci et al. [1992]). In the latter dom Alberts et al. [2002] as well as
Saling et al. [1998] conducted experiments in which theettbjhad to avoid different obstacles
during the reaching phase. Common findings were that betw#fment obstacle conditions
grasp closing distance remained constant, while graspngldsne (GCT) varied significantly.
They concluded that for coordinating the components of hugrasping, a spatial control seems
to be more important than a temporal control.

Another study examining effects of shape and size of objectgansport and grasp times was
conducted by Zaal and Bootsma [1993]. The results of theeement reveal that GCT is not
affected by the size but by the shape of the target objechahrhore severe constraints on the
surface area available for contact lead to longer graspidsmes. Bootsma et al. [1994] did not
examine the GCT directly, but they found that movement tincedases with an "index of grasping
difficulty”. This index depends on the location of the objand on its width (rectangular wooden
blocks). The objects used in our experiment also show éiffeconstraints on the surface area,
and the potential index of grasping difficulty is high for colex-shaped objects like, for example,
the toy propeller. Therefore, we prove the GCT of all gragddmperformed by the subjects in our
experiment on significant differences over all test objése Section 5.5), although this is not the
purpose of our study.

5.3 Approach to Determining the Hand Opening

Figure 5.1: Triangles to determine the hand opening.

For determining the hand opening, we propose to use the swadjafent areas. These are the
areas of the triangles formed by the tip of the thumb and e df two other adjacent fingers.
In our experiment, four fingertip positions have been messand the maximum two areas are
summed. These are the areas of the triangles shown in Figufe-5-m and t—m-r).

One advantage of this approach is that it can be extendec tméasurement of five fingers by
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simply adding the area of one more triangle (t—r—I). Comgaoethe "pentagon plane” approach
of Supuk et al. [2005], our approach is more reliable. By sumgnup areas of different planes,
the three-dimensional vectors of the fingertip positiorescmsidered, and no information is lost
(compare Section 5.2).

The approach we propose requires that the fingers the ssilbjeetin each grasp trial have to be
noted. Then thé@and openings determined in dependency of the grasping fingers:

e two fingers:distancebetween the thumb and the second finger (distance betwednrti
or t-r),

e three fingersareaof the triangle between the thumb and the two fingers remgif@rea of
t—i—m or t—-m-r),

e four fingers:sum of area®f the two triangles between the thumb and two adjacent finger
(areas of t—i—-m and t—m-r).

Thepeak hand opening the maximum hand opening that can be measured during ja gials
The point in time when this peak hand opening occurs detasrime beginning of grasp closure
and has to be identified for calculating the grasp closure (GCT).

5.4 Setup and Methods

Subjects

A total of twenty-one adult volunteers (eleven females,iextes) participated in the experiment,
their age ranging from 24 to 50 years (mean age 31 years).ouégth not preconditioned, all
subjects were right-handed. Thus, a comparison of the empetal results between right- and
left-handed participants was not feasible. Neverthelddf®rences in these results are not ex-
pected. The volunteers were naive as to the purpose of thregimgnt until they had finished their
trials.

Apparatus

For the apparatus, four everyday objects (board markeligtea toy propeller, can) were chosen
from the benchmark system for grasp evaluation proposedatich 4.1, aiming for large dif-
ferences in size and shape of the objects. Additionallyh eddhese objects is grasped with a
different grasp type when grasped with our robot hands. ;Thuspresentative set of objects is
provided that is suitable for the task of investigating gnag of everyday objects. The objects
were placed on a flat table by aligning them in a semicircl® onarked positions with the fifth
marked position (initially the leftmost from subject’s witunoccupied. Each object was equipped
with one infrared LED-marker.

The subjects were seated (comfortably) on a chair in frotheftable (width = 78 cm, length =
78 cm , height = 75 cm) (see Figures 5.2a and 5.2b). The domi@ard of each subject (the
right hand) was covered with a latex glove prepared with falditional LED-markers. The main
reason for leaving one fingertip unobserved was that eadh oh&ED-markers only consisted
of four LEDs. Furthermore, preliminary experiments havevah that occlusions of a marker on
the little finger were responsible for most grasp trials thiate unusable for data analysis. Other
studies on the analysis of human grasping and manipulakitis evealed that the observation of
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(a) Overview of the Apparatus. (b) LED-markers on glove and objects.

Figure 5.2: Apparatus.

the little finger is not necessary even when investigatinggiimanipulation patterns (for example,
see Kurita et al. [2004]). Therefore, the little finger was cavered with an LED-marker.

A valuable property of the latex material is that it is forrirfig to different sizes of hands and
fingers. Therefore, the LED-markers on the glove could yd®il positioned tightly over the
covered fingernails. For hygienic reasons and to reuse tkizaped glove for all participants,
another thin latex glove was pulled over the hand first. Inted this affected the quality of fit
of the LED-markers positively. Analysing data of a latexvg@repared in this way has advantages
over the utilisation of a common data glove. Because the fnged objects are equipped with
the same kind of LED-markers, their positions and velositian be measured with the same
measurement system and thus can directly be compared. d4ttaglove, at least three additional
markers attached onto it would be required to determineo$#tipn and orientation providing the
possibility to compare the data of fingers and objects. Hewethe accuracy of the obtained
positions and velocities, converted from one measurenystér® into another, is questionable.

Recording System

Movements of fingers and objects were recorded using the 3idmivacking system AS 200 by
LUKOtronic (Lutz-Kovacs-Electronics OEG, Innsbruck, Aug). The main component of this
tracking device is a portable measurement system corgisfithree infrared-cameras fixated on
a hinged mount. In the opened state (see Figure 5.3c), thveeposition and orientation of
the cameras are defined exactly. Each camera measures itienpolsthe LED-markers which
alternately emit light in the infrared band of radiation. eTthree-dimensional coordinates of the
infrared LED-markers are calculated from the three twoetisional camera-coordinates with a
resolution of 0.1 mm.

(a) Compact. (b) Half-open. (c) Open.

Figure 5.3: Hinged measurement system consisting of ttaeeas.
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Preliminary tests with this measurement system showedadtetsions of the infrared LED-
markers of different fingers led to the rejection of many gragals. Fortunately, the tracking
system AS 200 provides the possibility to interconnect aséaneasurement system with an ad-
ditional three infrared-cameras, which was positioned distance of 2.6 m to the first system
and with a change of 105 degrees in orientation. (Figure fair@sents an overview only and does
not show the correct positions and orientations). The hedlvoth measurement systems was
1.21 m, and the tilt angle was 16 degrees. With this setupahdbeight infrared-LED-markers
were measured at a sampling frequency of 150 Hz each, and shgrasp trials no occlusions
occurred.

Procedure

To ensure that all subjects were provided with the samerpirgdiry information, each participant

was instructed by a one page handout describing the taskeoéxperiment. The experiment

comprised a pick-and-place task. Subjects were asked ¢oatalobject next to the unoccupied
position marker and place the object upon it. With the tasglating the object onto a different

position, the attention of the participant is not focusedhentask of grasping it solely. We assume
that the result is more unconscious and therefore a moreahatay to grasp the object. For the

same reason, the goal of the experiment was concealed ladiftnials were completed. The only

constraint was avoiding a rotation of the objects duringpiic&-and-place task. This was required
for determining accurate times of finger contacts as desdrig@low.

The first object to be grasped was the board marker, whichdad taid down onto the marked

position to the left (from subject’s view). The next objet#g light) had to be placed onto the
prior position of the board marker. Then the propeller artdrafards the can had to be grasped
and placed one position further to the left. Now the last abjroved (can) had to be grasped
again and laid down onto its prior position right asid&he remaining objects had to follow in the

reverse order, each one marked position to the right, umilleftmost position was unoccupied

again. This finished the first cycle of the experiment, andptréicipant had to start all over. Each

subject had to complete five of these cycles.

After reading the instructions, the subjects had the pdigilto ask questions about the task.
Only a few subjects took this chance to ask how fast the pickfgace task had to be performed,
or whether there was a special way in which the object shoellgresped. Both questions were
answered by advising these subjects to carry out the tasiwayas natural as possible.

Determining the Finger Contacts

To determine the points in time when the fingers touch theetawbject, the velocities of fingers
and objects are used, which have to be calculated from thiiquad data. The high number
of four fingers observed is the reason that a more advanca@gjrhas to be found for detecting
finger contacts compared to almost every grasping expetiexesting. Most of these experiments
investigate two finger grasping and detect the lifting of Bject by using a binary contact sensor.
Others assume that the fingers have contact when the obgoslie move (for example, see Zaal
and Bootsma [1993]). Smeets and Brenner [2001] use a welicishold for indicating the end
of the finger movements before touching the target object.aBarget object might be in motion
before a finger has contact due to other fingers touching tieetabefore.

! The procedure in this state is shown in Figure 5.2b.
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Figure 5.4: Typical example of finger and target object viéleg as a function of time. Solid lines deter-
mine the contact times of the respective fingers. In thispnaal, the first finger touching the
object is the thumb, and the first opposing force is providgthle index finger. The middle
finger touches the object at lagtCT = 0.59 s; GF'T = 0.07 s; GOT = 0.027 s.
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We propose the following procedure for finding times of fingentact:

1. Foreach grasp trial find the time of the maximum objectaigfdndicating the end of object
acceleration in lift-off phase. Then search in the directd negative time and find the first
point when all finger velocities are larger than the objedbaity. The resulting two points
in time determine the search range for finger contact times.

2. Search in direction of positive time and find the first pgiimt time when the velocities of
the grasping fingers are equal to the object velocity. Thes¢he points in time when the
fingers touch the object.

The main idea behind our approach to determining the fingetacts is that a contact is estab-
lished if during grasp closure the velocity of the graspimgyér equals the velocity of the target
object. Before the object is touched, its velocity is eqaaéro, while the velocities of the fingers
approaching the object are larger. During the grasp tridllzfore actually touching the object,
the velocity of a finger might become zero leading to the deftgaition of an incorrect contact
time. This potential error is avoided by the first step of thecpdure proposed, in which the
search range for contacts is limited.

Another potential source of error is the rotation of the objehen it is grasped by the subject. If
the LED-marker on a finger that touches the object has a diftattistance to the rotational axis
than the object’'s LED-marker, different marker-velodti@re detected. In this case, a contact is
not identified although the finger touches the object alreddtherefore, it was required that the
participants did not rotate the objects during the grasstri

With this procedure for finding times of finger contact, notydinger contacts are detected before
the object is moved (velocities equal zero), but also casthat occur afterwards (velocities non-
zero) can be identified. A typical example of the chronolaggequences of finger and target
object velocities with contact times marked is shown in FegbL4.

Data Analysis

During each grasp trial of the experiment, it was observeidhviingers did not have contact with
the target object. Afterwards, it was checked whether thB4nkarkers of the grasping fingers had
been visible during grasp closure. Trials that showed injed data in the grasp closure phase
were rejected, and 504 trials remained for data analysis.

High frequence noise of the three-dimensional positionagwas removed by using a median
filter. Calculation of the hand opening was done by using Herformula [Dunham, 1990] after
determining the distances between the position vectorbefihgertips. The point in time of
peak hand opening was taken as the beginning of grasp closbeevelocities in each direction
were obtained by differentiating the position data of theyx and z-axes. The velocity of the
movement along the path of the trajectory was calculatedgbgrsng and summing up the three
axial velocity values and taking the square root of the tesul

The kinematic trajectories were used to derive the follgndependent variables: times of finger
contact, grasp closure time (GCT), grasp forming time (GETasp opposing time (GOT), ratio
between grasp forming time and grasp closure time (GFT%Q, b&tween grasp opposing time
and grasp closure time (GOT%).

Analysis of variables derived from the kinematic trajersrwas performed using the R-statistic
tool. T-tests and ANalysis Of Variance (ANOVA) were used tnpare mean values between
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conditions and paired t-tests to compare mean values waittriditions. Pearson correlation co-
efficients were calculated for selected parameters of biaga For all statistical analyses, a sig-
nificance level ofp < 0.05 was used, and a level gf < 0.001 denoted strong significance.
Unless otherwise noted, each statistical test impliesubllests (row all subjects’ in the tables
of Section 5.5).

5.5 Results and Discussion

We analysed each of the four measures defined in Section 5.1

e grasp forming time (GFT) (Time between the points when thst find the last grasping
finger touches the target object.),

e grasp opposing time (GOT) (Time between the points when ftise finger and the first
opposing finger touches the target object.),

e grasp forming time in percentage of grasp closure time (GEFT%

e grasp opposing time in percentage of grasp closure time @GOT

in terms of two different characteristics: (i) if it proves disproves the assumption that humans
strive for contact simultaneity when grasping objects; @indf it is a reliable measure for contact
simultaneity.

Tables 5.1 and 5.2 show mean and standard deviation of gi@spe time (GCT), grasp forming
time (GFT), and grasp opposing time (GOT) of all subjectspgjirag the four objects.

In this section, the results of the analysis of the graspgi@ET and GOT are presented at first.
The GOT of a grasp trial determines whether or not a “both8gistrategy is applied. To this end,
GOT is compared with the time frantge. We examine the effect of different values fgron the
ratios of the grasp strategies. Then the grasp closure W@} is analysed and the results are
compared to other studies investigating GCT, which areevesd in Section 5.2.

In the experiment, it was recognised that subjects toolewifit amounts of time to perform the
grasp trials. Since we assume that the time required fopgksure (GCT) affects GFT and
GOT (see Section 5.1), we performed a correlation analystiwden GFT and GCT as well as
between GOT and GCT. The results are presented, before dhgsmsnof all measures on gender
dependency is discussed. Since we assume that the siniyltah8nger contacts does not de-
pend on gender, measures that are independent of gendeperesuitable measures for contact
simultaneity. An analysis of GFT% and GOT% provide the coditig results.

Analysis of GFT and GOT

Analysis of variance (ANOVA) showed no significant diffeoess in GFT ¢'(3,57) = 1.359) and
GOT (F(3,57) = 0.41) between all objectg(> 0.05 in each case). Mean and standard deviation
over all objects ar@.06 + 0.06 seconds in the case of GFT add3 + 0.04 seconds in the case
of GOT (compare Table 5.4). These values are very small. \Welgde that both GFT and GOT
prove that the subjects strove for contact simultaneityrmdiesing the grasp.

But since there does not exist a critical value for appogntrtime frame in which contacts have
to be made to be considered as simultaneous, differentatritalues in the form of time frames
t after first finger contact were tested and compared to thétsesund by Wong and Whishaw
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subject board marker tea light
no. | age GCT(s) | GFT(s) | GOT(s) GCT(s) | GFT(s) | GOT(s)
females
1 27 0.83+0.10 | 0.064+0.03 | 0.034+0.04 || 0.98+0.66 | 0.084-0.04 | 0.03+0.03
2 30 0.944+0.31 | 0.054+0.03 | 0.044-0.03 || 1.10+0.40 | 0.064-0.07 | 0.02+0.03
3 31 0.414+0.00 | 0.03+0.00| 0.014+0.00 || 0.78+0.58 | 0.044-0.02 | 0.03+0.03
4 26 -+ - -+ - 0.00+0.00 || 0.714+0.09 | 0.06+0.06 | 0.024-0.02
5 27 0.96+0.54 | 0.03+0.02 | 0.014+0.02 || 0.69+0.26 | 0.034+0.03 | 0.03+0.03
6 43 0.854+0.37 | 0.03+0.03 | 0.0240.02 || 0.70+0.25 | 0.064-0.02 | 0.03+0.02
7 50 0.54+0.25| 0.044+0.04 | 0.014+0.01 || 0.4940.30 | 0.05+0.04 | 0.03+0.04
8 24 0.63+0.20 | 0.064+0.06 | 0.024-0.02 || 0.76+0.57 | 0.064-0.05 | 0.04+0.03
9 29 0.95+0.40 | 0.074+0.07 | 0.0740.07 || 0.984+0.41 | 0.06+0.05 | 0.03+0.04
10 26 0.64+0.17 | 0.134+0.09 | 0.0240.02 || 1.064+0.60 | 0.094+0.12 | 0.044+-0.04
11 27 0.69+0.14 | 0.054+0.04 | 0.0240.03 || 0.73+0.33 | 0.054-0.06 | 0.03+0.06
all females|| 0.764+0.30 | 0.06+0.06 | 0.034+0.03 || 0.84+0.45 | 0.064+-0.05| 0.03+0.03
males

12 37 0.59+0.11 | 0.064+0.03 | 0.054+0.03 || 0.52+0.18 | 0.024-0.01 | 0.00+0.01
13 28 1.104+0.65| 0.08+0.07 | 0.02+0.02 || 1.114+0.13 | 0.04+0.05| 0.03+0.06
14 35 1.044+0.42 | 0.04+0.06 | 0.04+0.06 || 1.2840.48 | 0.04+0.06 | 0.0440.06
15 28 0.98+0.52 | 0.064+-0.04 | 0.034+0.04 || 0.79+0.51 | 0.064-0.07 | 0.05+0.08
16 26 1.4440.49 | 0.10+£0.06 | 0.08+0.05 || 0.934+0.21 | 0.12+0.15| 0.00+0.00
17 30 0.92+0.33 | 0.044+0.04 | 0.034+0.03 || 1.01+0.64 | 0.04+0.04 | 0.034+0.04
18 31 0.86+0.19 | 0.07+0.08 | 0.0540.05 || 0.89+0.48 | 0.064-0.06 | 0.04+0.06
19 37 0.46+0.16 | 0.024+0.02 | 0.014+0.01 || 0.59+0.14 | 0.054+-0.04 | 0.03+0.02
20 30 0.90+0.40 | 0.054+0.02 | 0.0440.03 || 0.63+0.54 | 0.034+0.02 | 0.01+0.01
21 24 0.83+0.31 | 0.114+0.10 | 0.06+0.07 || 1.024+0.35| 0.13+0.07 | 0.054+0.04
all males || 0.8940.41| 0.06+0.06 | 0.044+0.04 || 0.87+£0.45 | 0.064+0.07 | 0.03+0.04

["all subjects][ 0.82+0.38 0.06-£0.06 | 0.03+0.04 || 0.85:0.45 | 0.06+-0.06 | 0.03+0.04 |

Table 5.1: Mean and standard deviation of grasp closure (®&T), grasp forming time (GFT), and
grasp opposing time (GOT) of all subjects grasping the bosadker and the tea light. Values
are given in seconds (s).

[2004] (as explained in Section 5.2). When using a critiedle oft; = 7 ms, the same ratio for
the both contact strategy was obtained (30 %) (see Figure 5.5). Anathalogy is the fact that
thefinger dragstrategy was favoured over ttieumb puststrategy. A critical value of; = 0.02 s
is already sufficient for obtaining a ratio of more than 50cpet for theboth strategy, and a time
frame oft; = 0.1 s (which is still short compared to the GCT, as analysed belowglves 93
percent.

If the first grasp trials of all subjects were neglected, maaah standard deviations of GFT and
GOT would be even less, and thus the critical value for the tiramet; preserving the same
percentages for thieoth strategy would be smaller. Paired t-tests between the merasuts of
the first and the last cycle of the grasp procedure show tlese tts a training effect towards
smaller valuesy < 0.001 in the case of GFTp = 0.028 in the case of GOT). We conclude that
this training effect also indicates that the subjects stifov contact simultaneity.

Analysis of GCT

As listed in Table 5.4, mean and standard deviation of GCT allesubjects and all objects are
0.82 4+ 0.52. In opposition to GFT and GOT, paired t-tests between thedird the last measure-
ments per object of each person showed no significant taifiiect for GCT f = 0.2566).
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subject toy propeller can
no. | age GCT(s) | GFT(s) | GOT(s) GCT(s) | GFT(s) | GOT (s)
females

1 27 0.66+0.26 | 0.074+0.06 | 0.06+0.05 || 0.57+0.53 | 0.034+0.01 | 0.01+0.02
2 30 0.43+0.14 | 0.034+-0.04 | 0.02+0.04 || 0.68+0.30 | 0.084-0.03 | 0.01+0.02
3 31 0.49+0.14 | 0.0940.08 | 0.03+0.03 || 0.90+0.71 | 0.0840.04 | 0.03+0.02
4 26 0.72+0.25 | 0.044-0.04 | 0.02+0.03 || 1.13+0.88 | 0.034+-0.03 | 0.01+0.03
5 27 0.58+0.41 | 0.0840.05| 0.05+0.04 || 0.85+0.51 | 0.0440.03 | 0.01+0.01
6 43 0.38+0.20 | 0.024+-0.01| 0.01+0.01 || 0.84+0.33 | 0.044-0.05| 0.02+0.01
7 50 0.47+0.26 | 0.0840.12 | 0.01+0.01 || 0.96+0.28 | 0.044-0.03 | 0.02+0.02
8 24 0.48+0.02 | 0.074+0.02 | 0.00+0.00 || 0.64+0.54 | 0.064+-0.03 | 0.02+0.02
9 29 0.21+0.09 | 0.034+0.05| 0.02+0.01 || 1.09+0.41 | 0.0940.07 | 0.02+0.04
10 26 0.59+0.18 | 0.0840.07 | 0.03+0.02 || 0.45+0.11 | 0.054+-0.07 | 0.02+0.01
11 27 0.37+£0.26 | 0.074+0.09 | 0.05+0.07 || 0.51+0.13 | 0.054+0.05 | 0.02+0.02

all females|| 0.494+0.26 | 0.064+0.07 | 0.03+0.04 || 0.80+0.52 | 0.054+0.04 | 0.024+0.02

males
12 | 37 0.88+0.13 | 0.07+0.07 | 0.05+0.05 || 0.60+0.16 | 0.03+0.02 | 0.01+0.02
13 28 0.3240.40 | 0.004-0.00 | 0.004-0.00 || 1.4541.38 | 0.064-0.04 | 0.034-0.04
14 | 35 1.01+0.50| 0.1440.11 | 0.064-0.06 || 1.76+0.70 | 0.1740.09 | 0.064-0.06
15 28 0.90+0.51 | 0.10+0.08 | 0.05+0.04 || 0.60+0.35| 0.06+0.05| 0.02+0.03
16 26 0.814+0.24 | 0.204+0.20 | 0.024+-0.01 || 1.324+1.31 | 0.084-0.08 | 0.044-0.06
17 | 30 0.67+0.49 | 0.04+0.04 | 0.03+0.03 || 1.07+0.98 | 0.16+0.09 | 0.06+0.06
18| 31 0.594-0.31 | 0.074+0.05| 0.044+-0.03 || 1.164+0.59 | 0.094-0.06 | 0.044-0.05
19 | 37 0.56+0.26 | 0.084+0.08 | 0.05+0.04 || 0.91+0.51 | 0.05+0.03 | 0.03+0.02
20| 30 1.0840.26 | 0.084-0.09 | 0.054-0.04 || 1.26+1.42 | 0.034+0.01 | 0.0340.01
21 24 0.754+0.38 | 0.084+0.14 | 0.03+0.04 || 1.45+0.42 | 0.144+0.08 | 0.06+0.06
allmales || 0.764-0.39 | 0.084+-0.08 | 0.044-0.04 || 1.114+0.86 | 0.084-0.07 | 0.044-0.04

[‘all subjects[[ 0.63+0.36 | 0.07+£0.08 | 0.04+0.04 ]| 0.96+0.72 | 0.07+0.06 | 0.03+0.04 |

Table 5.2: Mean and standard deviation of grasp closure(Bd), grasp forming time (GFT), and grasp
opposing time (GOT) of all subjects grasping the toy prapedhd the can. Values are given in
seconds (s).

ANOVA over all objects showed strong significant differesée GCT ('(3,57) = 8,285, p <
0.001). Two-sample t-tests of the toy propeller versus each obther three objects revealed that
less time was requirech (< 0.001 in each case), and GCT of grasping the can was significantly
larger than that of the other objecis € 0.001 in each case).

In the case of the can, we assume that the reason why more as)a@eeded for grasp closure is
that the distances between the fingertip positions in pasggposture and in grip posture are larger
than when grasping the other objects. These distances carypemall when using a precision
grasp, in which only the fingertips touch the object. But nsgtjects preferred to apply a power
grasp for grasping the can. To encompass the object, thép dyape requires a large peak hand
opening. That means that the fingertips in pre-grasp posttegdar from their position in the
grip posture, in which the fingers enclose the can. Additlgna the reaching phase, a larger
distance has to be covered in the approach direction foigimmva contact between the palm and
the target object, after the peak hand opening has to beagda€@ompared to a precision grasp,
this movement requires more time too.

In contrast to Zaal and Bootsma [1993] and Bootsma et al4[L989e GCT was shorter in the case
of one object with a higher "index of grasping difficulty” és&ection 5.2). In both studies referred
to, only small or simple-shaped objects were used. But tineptex shape of the toy propeller
together with its large size is responsible for that suljactapting their pre-grasp posture at the
end of the reaching phase. The decision of "what is the baspgiand thus the time of peak hand
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Figure 5.5: Ratios of simultaneous grasps in percentagabgrfasp trials represented by thethcontact
strategy and compared to tfiager dragand thethumb puststrategies. The “level of simul-
taneity” depends on the critical value of the time fraipg€0.007 s, 0.02 s, 0.1 s) (ref.: Wong
and Whishaw [2004]).

opening occurs much later, and this shortens the GCT.

subj. board marker tea light toy propeller can
no. GFT% | GOT% GFT% | GOT% GFT% | GOT% GFT% | GOT%
females
1 7.6+35 | 3.3+4.1 | 10.24+6.7 | 49+5.3| 9.2+5.8 8.2+4.7 79+41 | 0.6+1.4
2 6.7+£56 | 3.94+23 | 6.9+78 | 22+29| 6.7+£6.4 4.0+6.5 | 13.846.9 | 1.3+1.3
3 6.4+0 3.240 58+3.8 | 3.3+2.3| 16.9£10.0| 5.443.4 | 121495 | 3.4+3.9
4 - +- - +- 8.1+8.0 | 3.6+2.4| 5.8+4.2 29425 3.4+38 | 0.9+1.0
5 3.6+38 | 1.5+1.8 | 44+36 | 44+36| 17.7£128| 8.8+52 51+31 | 1.6+£15
6 44437 | 35436 | 83+26 | 41434 | 6.24+3.4 3.9+2.6 51437 | 2.7+£11
7 89+7.8 | 3.3+34 | 94+69 | 46+44 | 17.3+23.0| 2.240.7 42426 | 1.7+1.7
8 9.6+£7.6 | 3.844.8 | 93174 | 54+43| 153144 0.6+0.9 | 148485 | 6.2+6.5
9 72+54 | 64459 | 7.0+70 | 3.0£2.8| 12.4+11.1| 7.4+18 79453 | 2.0+2.7
10 | 21.1+149| 3.1+2.7 | 11.4+18.0| 5.1+6.1 | 11.849.0 48+49 | 10.448.7 | 51+3.0
11 7.6+6.7 | 32432 | 57443 | 3.6+£5.0| 33.7+£41.7 | 19.6+27.8 | 10.4+9.2 | 3.6+2.4
all 8.9+8.7 | 35437 | 7.7+6.8 | 3.9+£3.8| 14.8+£19.6| 7.1+11.8 | 82+7.0 | 2.6+3.0
males
12 94+4.7 | 86452 | 42+43 | 09+1.8| 8.0+£6.5 5.2+4.9 49442 | 19429
13 9.8+85 | 25429 | 3.6+45 | 28+49| 1.7+29 1.7+2.9 6.6+£6.1 | 4.3+6.6
14 3.3+36 | 3.3+3.6| 4.0+6.1 | 40+6.1| 11.6+7.4 6.1+4.7 | 11.5+7.4| 3.843.9
15 8.3+10.7 | 26+2.6 | 6.04+5.7 | 444+6.0 | 13.1+9.7 6.2+3.4 9.3+6.6 | 3.4+3.0
16 8.2+6.6 | 69459 | 155+21.8 | 0.5+0.7 | 21.9+17.8 | 24+24 8.8+79 | 26+1.8
17 55+53 | 44444 | 41+36 | 3.9+3.3| 4.3+3.38 3.7+3.8 | 21.6+9.5| 7.8+7.8
18 9.1+104 | 5.7+5.1 | 59442 | 3.44+3.7 | 16.4+13.1| 6.7+55 | 10.9+8.1 | 4.2+4.4
19 47425 | 25422 | 93+6.4 | 5.6+2.7 | 13.5+10.1| 7.6+4.4 6.3+4.8 | 3.4+2.6
20 6.7+2.8 | 46+3.2 | 6.1+6.3 | 3.0+4.7| 7.1+5.8 4.04+3.7 | 8.3+10.6 | 8.3+10.6
21 11.549.6 | 6.3+5.0 | 14.949.6 | 5.0+3.9 | 15.3+23.0| 6.4+7.1 9.7+4.6 | 53457
all 74+6.8 | 47+43 | 7.2+81 | 3.5+£3.9| 10.8£10.7| 5.3+4.6 95+7.7 | 40+45
|alls.| 80+7.7 | 42+41] 75475 [37+3.9] 128+159]| 6.2+8.9 | 89+7.3 | 3.3£3.9 |

Table 5.3: Mean and standard deviation of grasp forming {iGfeT) and grasp opposing time (GOT) in
percentage (%) of grasp closure time (GCT).



58 CHAPTER 5. EXPERIMENT ON HUMAN GRASPING

subject all objects
no. GCT | GFT | GOT | GFT% | GOT%
females

1 0.78+0.45| 0.06+0.04 | 0.03+0.04 | 8.82+5.09 | 4.44+4.82
2 0.82+0.41 | 0.06+0.05| 0.02+0.03 | 8.0847.09 | 2.77+3.90
3 0.71+0.53 | 0.07+0.05 | 0.03+0.02 | 11.30+8.88 | 3.99+3.13
4 0.91+0.64 | 0.04+0.04 | 0.02+0.03 | 5.04+4.75 | 2.06+2.13
5 0.77+0.43 | 0.04+0.04 | 0.03+0.03| 7.73+8.80 | 4.08+4.34
6 0.744+0.32 | 0.04+0.03 | 0.02+0.02 | 6.14+3.56 | 3.51+2.81
7 0.64+0.33 | 0.05+0.07 | 0.02+0.02 | 10.11+13.89 | 2.65+2.46
8 0.66+0.41 | 0.06+0.05| 0.02+0.02 | 11.00+7.57 | 4.53+4.83
9 0.85+0.48 | 0.07+0.06 | 0.03+0.04 | 8.44+7.13 | 4.34+3.98
10 0.65+0.34 | 0.09+0.09 | 0.03+0.03 | 14.35+13.04 | 4.40+3.72
11 0.57+0.27 | 0.06+0.06 | 0.03+0.05 | 14.67+24.28 | 7.75+15.77

all females || 0.734+0.43 | 0.06+0.05| 0.03+0.03 | 9.744+11.71 | 4.21+6.59

males

12 0.65+0.20 | 0.04+0.04 | 0.03+0.04 | 6.47+5.16 | 3.93+4.71
13 1.09+0.89 | 0.05+0.05| 0.02+0.04 | 5.88+6.38 | 3.00+4.60
14 1.27+0.59 | 0.094+0.10| 0.05+0.06 | 7.42+7.09 | 4.20+4.42
15 0.77+0.44 | 0.07+0.06 | 0.03+0.04 | 9.22+7.73 | 4.01+3.66
16 1.21+0.93| 0.11+0.10 | 0.04+0.05| 11.44+12.38| 3.07+3.54
17 0.91+0.60 | 0.06+0.07 | 0.04+0.04 | 7.83+8.58 | 4.72+4.82
18 0.86+0.44 | 0.08+0.06 | 0.04+0.05| 10.62+9.98 | 5.02+4.71
19 0.66+0.36 | 0.05+0.05| 0.03+0.03 | 8.30+6.87 | 4.70+3.46
20 0.93+0.51 | 0.05+0.06 | 0.03+0.03 | 6.84+5.05 | 4.41+4.34
21 0.9940.41 | 0.12+0.09 | 0.05+0.05 | 12.96+11.68 | 5.74+4.89

[ allmales ]| 0.91+0.58] 0.07£0.07 | 0.04+0.04] 8.65+8.45 | 4.37+4.36 |
[‘all subjects] 0.82+0.52 ] 0.06+£0.06 | 0.03+£0.04] 9.19+10.20] 4.29+557 |

Table 5.4: Mean and standard deviation of grasp closure {{B&T), grasp forming time (GFT), grasp
opposing time (GOT), and the relative the relative meas@&3 % and GOT%, in percentage
of the grasp closing time. Values for GCT, GFT, and GOT aremin seconds (s).

Correlation between GFT, GOT, and GCT

Pearson correlation analysis between GFT and GCT led tcethdtithat there was a significant
positive correlation between GFT and GCT in different téggeoups: all men over all objects
(r = 0.32,p < 0.001), all women over all objectsr(= 0.13,p = 0.037), all subjects over all
objects £ = 0.26,p < 0.001). A strong significant positive correlation was found betwé&OT
and GCT in different tested groups: all men over all objeets=(0.36,p < 0.001), all women
over all objects® = 0.24, p < 0.001), all subjects over all objects & 0.34,p < 0.001).

These results sustain the assumption that GCT affects GFG&T. Thus, the means and standard
deviations of GFT in percentage of GCT and GOT in percentdggGY (GFT% and GOT% are
listed in Table 5.3) are more reliable measures for contautlsaneity than GFT or GOT.

Further analysis revealed a strong positive correlatiawéen GFT and GOT in different tested
groups: all men over all objects & 0.63,p < 0.001), all women over all objects (= 0.52,p <
0.001), all subjects over all objects (= 0.6,p < 0.001). We conclude that GFT% as well as
GOT% serve as reliable measures for contact simultaneity.
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Analysis of Gender Dependency

When comparing female and male subjects, two-sample tdesaled that women required sig-
nificantly less time for grasp forming (GFTp) & 0.028) and grasp opposing (GOTp) & 0.0014),
and strongly significantly less time for grasp closure (GGTx 0.001). A comparison of GFT%
and GOT% between women and men showed no significant diffesenThis supports the as-
sumption that GFT% and GOT% are more reliable measures fuacbsimultaneity than GFT
and GOT, since it was assumed that the simultaneity of fingaiacts does not depend on gender.

Analysis of GFT% and GOT%

Mean and standard deviation over all subjects and all abg@9.19 4+ 10.2 percent for GFT%,
and4.29 + 5.57 percent for GOT% (see Table 5.4). That means that only smt#sr (less than
ten percent) of the time needed for grasp closure are usegrésp forming (GFT) and grasp
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Figure 5.6: Distribution of grasp forming time (GFT) and gpeopposing time (GOT) in percentage of
grasp closure time (GCT) over all trials of grasping the doaarker and the tea light in a
range of 2 percent. Means and standard deviations can bd fouow "all s.” of Table 5.3.
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Figure 5.7: Distribution of grasp forming time (GFT) and gpaopposing time (GOT) in percentage of
grasp closure time (GCT) over all trials of grasping the toypeller and the can in a range of
2 percent. Means and standard deviations can be found inalbe.” of Table 5.3.

opposing (GOT). We conclude that both GFT% and GOT% prove ttie subjects strove for
contact simultaneity when closing the grasp.

ANOVA over all objects showed significant differences in G6TF(3,57) = 5,572, p = 0.002)

as well as in GOT%K'(3,57) = 2,849, p = 0.045). Two-sample t-tests of the toy propeller
versus each of the other three objects revealed that bot®#3FE 0.004 against board marker,

p < 0.001 against tea lightp = 0.01 against can) and GOT% (= 0.025 against board marker,

p = 0.004 against tea lightp < 0.001 against can) are larger. These results gives evidence that
an increase of grasping difficulty (here caused by an enldacamplexity of the object’s shape)
leads to a decrease of contact simultaneity. This poteintelrelationship was outside the scope
of this experiment, but it is worth further investigation.

When comparing the distributions of GFT% between the dfieobjects (see Figures 5.6 and 5.7),
it can be seen that there are greater deviations from the mehea case of the toy propeller. This
goes along with the observation that some subjects in soasp @rials supported the grasp by one
or two additional fingers, after they applied a grasp withtthenb and one or two opposing fin-
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gers. Therefore, GOT% in some cases is much smaller than GEd¥tpare GFT% and GOT%
in column “toy propeller” of Table 5.3). This indicates tHaOT% is a more reliable measure for
contact simultaneity than GFT%.

5.6 Conclusions

In this experiment we proved that (i) humans strive for consamultaneity when grasping objects.
The values for the grasp forming time (GFT) and the grasp sipgaime (GOT) are very small,
and we found that there is a training effect towards evenlsmedlues. That means that humans
optimise their grasp process and achieve more contacttsinaily when repeatedly grasping the
same objects. The analysis of GFT% and GOT% supports théustme that humans strive for
contact simultaneity. We found that on average less thanpiiveent of the grasp closure time
(GCT) is required for establishing opposing contacts.

Contact simultaneity implies that a "both” contact strgtégyapplied, which is performed in 93
percent of all grasp trials when using a rather short timmé&aft; = 0.1s. Besides striving

for contact simultaneity, humans prefer a "finger drag” talauinb push” strategy. This result is
independent of the value specifyimg, and it is reasonable because if an object is moved before
being grasped, the fingers can form a cage-like posture piiagethe object from being moved
away. This cannot be accomplished by the pushing thuml.itsel

We found that (ii) the relative measures, GFT% and GOT%, la@entost reliable measures for
contact simultaneity. The assumption that the time reduioe grasp closure (GCT) affects GFT
and GOT was proved. By relating GFT and GOT to GCT, the raedativasures are independent
of the velocity in which the grasps are performed. When camgaoth measures, GOT% is the
more reliable measure for contact simultaneity.

These findings support the assumption that the standandsgoésur robot hands can be optimised
by a strategy that leads to more contact simultaneity. Dipietis addressed in the following chap-
ter. For measuring the success of this strategy in terms mfawing contact simultaneity, we use
the proposed measures for contact simultaneity, GFT% antg@s described in Section 7.2.1.
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6 Grasp Optimisation in Simulation

The five standard grasps realising the grasp types we prépogesping a variety of everyday ob-
jects lead to greater or lesser success when graspingetiifiebjects as examined in Section 4.2.2.
For optimising a grasp for grasping a particular object, weetbped a strategy consisting of two
steps. The first step optimises the pre-grasp posture faacosimultaneity, and the second step
optimises the target grasp posture for the optimal trajgaibthe thumb closure movement.

Most robot hand setups existing do not possess suitablerseios performing these optimisation
steps. Especially the second step can hardly be realisedlinabot systems because it requires a
value to determine the quality of a grasp being executeditibddlly, this step needs around 1000
grasp trials for optimising one target grasp posture. Tlaugptimisation, we use a physics-based
grasp simulator containing an exact mapping of the robotifatme benchmark objects, and the
grasp types realised.

Section 6.1 describes this "grasping world” and discussedimitations of the simulator which
have to be considered for determining a measure for gradpagiean. To this end, we propose a
grasp stability measure based on the grasp quality measulis@issed in Section 6.2. The grasp
stability measure is used in the optimisation strategy vep@se in Section 6.3.

6.1 The Simulated Grasping World

For grasp simulation, the physics-based toolkit Vortex [Giids, 2006] was employed within the
graphical simulation environment Neo/NST [Ritter]. Vorts a development platform that pro-
vides libraries for rigid-body dynamics, collision detectand response, and contact generation.
It is based on Newtonian physics and realises accuratetabjaion and interaction capabilities.
By adding features that incorporate static and dynamitidndor contacts and a quality measure
based on the grasp wrench polytope [Haschke et al., 2005hawe a tool at our disposal that is
suitable for analysing simulated grasping.

Within this framework 42 scenes (21 benchmark objects fasing with both the TUM Hand
and the Shadow Hand) have been created that can individnallpaded and processed by a
single circuit of Neo-units. Figure 6.1 shows the controhdadw in which one of these scenes
is visualised. Directions and amplitudes of the actingdsrare illustrated by blue lines and the
finger contacts with the object are represented by frictmmes. Green cones display static friction
and are wider than the blue dynamic friction cones becauséittiional coefficients are always
larger in the case of static friction. The three-dimensidaece part of the corresponding grasp
wrench space (Figure 6.1 bottom right) is wider to its rigllesbecause of the occurrence of
a static friction cone at the left side of the voltage tester fnore explanation see Section 6.2).
Some of the most useful features that can be activated byrisudind sliders of the control window
are:

e execution of all pre-grasps and all grasps,
e execution of both optimisation steps,

e engaging the stability calculation,
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'S NST:control <2>

hand pos:

hand rot:
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save | load_all | save_all ‘ Statichu:
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Figure 6.1: Control window showing the Shadow Hand grasthiegvoltage tester (one out of 42 scenes).

e control of position and orientation of the hand,
e control of all joint angles (humber depends on hand type),

e alteration of friction coefficients.

In each scene of this Neo-circuit, the pre-grasps and tigettgrasps of all standard grasps im-
plemented can be optimised for grasping the object loadadh Brasp trial starts with the robot
hand being in grasp position and in pre-grasp posture, ®elf@r target grasp is applied. It is not
required to model the robot arm of each setup because onlpnémgpulation component of the

model of robot grasping proposed in Section 2.2.4 has to bsidered for grasp optimisation.

Before the mapping of robot hands, objects, and grasps @ilded, in the following the contact
modelling and limitations of the simulator are discussed.

Contact Modelling

Contacts between idealised rigid objects can be dividea point contacts, edge contacts, and
face contacts [Nguyen, 1988]. For simplification, edge actstare usually modelled as two point
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contacts located at the ends of the edge, and face contactmadled as point contacts at the
vertices of the face [Ferrari and Canny, 1992].

Contacts between fingers and objects in real world, howewernot discrete points but extend
over a certain area. How to model and handle the realistitilwiton of forces and torques
applied over this area is an open question. Especially indmugnasping these contact areas are
large because the soft finger surface deforms and assumex#hehape of the grasped object
at the contact point. First approaches to simulate realigisping considering soft fingers exist
[Ciocarlie et al., 2005], but like other current simulatdiheit provide contact description (e.g.
Miller and Allen [2004]), contacts in Vortex are simulated the basis of point contacts with
friction.

This contact modelling is, on the one hand, necessarilyseo&®n the other hand, it is accurate
enough for robot grasping, as the contact surfaces of ralges are at most as soft as rubber and
thus establish much smaller contact areas than human fingers

A real contact between a finger and an object is not necegssanitlelled as a single point contact.
The number of point contacts occurring in one simulated acindrea depends on the surface
models and the effects of interpenetration as describdukifollowing sections.

6.1.1 Limitations of the Simulator

The simulator is designed for real-time, interactive setioh, and visualisation. Thus, it has
to balance between accuracy and speed. This balance meatisnitations concerning physics
calculation, details of scene modelling, and collisionedgbn and handling are inevitable. These
limitations have to be considered when analysing graspirsgmulation.

A central problem in modelling and simulating real scendbesdiscretisation of space and time.
This discretisation leads to the undesired effect of objeterpenetration. When grasping an
object in simulation, the fingers move by discrete distarineseparate time steps rather than
moving continuously. Therefore, in the time step before gefiriouches an object no collision can
be detected, while in the next time step the finger and thecbhjeeady interpenetrate. This effect
has to be counteracted, and for this purpose, a restorieg fersimulated until the penetration is
reversed. As an undesired result, it may happen that thectistlost in the next time step. This

leads to an unrealistic object motion between the fingemitiadally supported by the fact that

the amount of the restoring force is dependent on the depitterpenetration. Resultant forces
acting on fingers and object may vary greatly between two staps.

Another challenge arising from the interpenetration effethat an unpredictable number of point
contacts may occur between finger and object. Even when ggmge geometrical models for
which only one point contact would be expected, the integfration enlarges the contact area and
that may result in several point contacts at different liocet

The third problem to be faced is that restrictions in the cotational accuracy lead to rounding
errors in complex calculations of collision detection. Aseault, it happens that contacts switch
between static and dynamic friction. This effect is alsoictepl in Figure 6.1 which shows a static
friction cone to the left hand side of the object, whereastanright hand side only a smaller
dynamic friction cone can be seen. Although in the time dtegtiated the motions of fingers and
object have ended already, in the next simulation step dimeomtacts could switch to static ones
and vice versa [Steuwer, 2003].

To summarise, problems to be dealt with are unrealisticabbjeotion between fingers, unpre-
dictable numbers of contact points at different locati@ms] spontaneous switches between static
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and dynamic contacts. Therefore, a simulation with absaledlistic behaviour is not attainable.
To achieve a sufficiently realistic simulation of robot hayidsping being exact enough for realis-
ing optimised grasps that lead to more grasp success whédircapgth the real hands, a careful

modelling of objects, hands, and grasps and a precise adjnstof the parameters required are
crucial as discussed in the following section.

6.1.2 Mapping of Objects and Hands

For mapping a benchmark object or a robot hand into simulagomodel consisting of a single
or several objects has to be created. In Vortex, basic abjée spheres, boxes, or cylinders
can be defined. More complex shaped objects comprise a surfadel consisting of a mesh of
polygons. When creating an object (for instance, with a 3[@ahdesign tool), the level of detail

of the surface model has to be carefully balanced becausmdne polygons a surface model
consists of, the higher are the computing demands on thisioalldetection and handling.

As discussed in Section 6.1.1, the interpenetration of wwiases enlarges the contact area. The
polygons of a surface mesh are handled as single surfacethainthay result in several point
contacts at the boundary of the contact area.

Modelling objects

For each of the 21 benchmark objects described in Sectiom4nbdel was created. In designing
these models, we considered the characteristics of thehb®rk objects such as dimensions,
mass, centre of mass, and coefficients of static and dynaitimh between the real object and
the desktop surface (as given in Table 4.1). By balancingidxt detail and a low number of
surface polygons, we created realistic models (picturefignre 4.1) that do not overstrain the
collision handler.

Form-variable benchmark objects are modelled as simpleddkhe reason is that an exact map-
ping of form-variable objects consisting of rigid compotsriike the folding rule or the bunch
of keys, is hardly feasible and would result in high compgyithosts. To model the form-varying
properties of a paper ball is not realisable with rigid olgeat all. But boxes of the dimensions
determined as described in Section 4.1.2 are sufficientigtaxodels of these benchmark objects
for determining optimised grasps as evaluated in Chapter 7.

Modelling hands

When modelling the robot hands, an exact mapping of the péttse palm and fingers in their
dimensions, in their locations, and in their orientationgrucial for a realistic grasp simulation.
Even small discrepancies between the modelled hand an@dh&éand can lead to a totally dif-
ferent grasp behaviour. The surface models of the hand pams designed by balancing the
detailedness of the models.

Modelling the hydraulic piston drive of the TUM Hand, or theisele dynamics and the complex
routing of tendons inside the Shadow Hand, is infeasiblewdier, for realising the closure be-
haviour of the fingers, itis sufficient to use simple hinge siedor the finger joints and determine
appropriate parameter values for the maximum joint velexiand the maximum joint forces.

To achieve realistic interaction between the fingers of atrbland and the target object, suitable
coefficients of friction have to be determined between theena of the hand’s contact areas and



6.2. MEASURES FOR STATIC AND DYNAMIC GRASPS 67

the material of the object. The surfaces of the fingertipshéncase of the TUM Hand, and the
volar surfaces of the fingers, in the case of the Shadow Héwagly similar properties. Frictional
coefficients between these surface materials and the ybtegierial of the eraser (object no. 19)
were determined to bg = 2.0 (static friction) andv = 0.6 (dynamic friction). Frictional co-
efficients between the surface materials of the hands’ coataas and the materials of all other
objects were determined to he= 1.0 andv = 0.3. For optimising grasps of objects that can
hardly be grasped, these frictional coefficients can bagedbas described in Chapter 7.

6.1.3 Mapping of Grasps

With an exact model of a real robot hand and its finger closeteiour in simulation, realistic
mappings of the standard grasps developed in Section 3i@plemented. To this end, the same
parameters identified for the real standard grasps are nsachulation. The approach distang¢e
(see Section 3.2.1) is not required because the transpartzdmponent of the model of robot
grasping can be neglected for grasp optimisation. Theipogitand the orientatiow, identified

for the standard grasps, are presented in Table 3.1, anddhgrasps and the target grasps are
listed in Tables A.1 and A.2. The mappings of the grasps, latih simulated hands in pre-grasp
posture and in target grasp posture, are shown in Figure 6.2.

6.2 Measures for Static and Dynamic Grasps

For grasp evaluation, comparison of different grasps, angravide the grasp optimisation al-
gorithm with a scalar fitness value, a measure is requiredpittvides a reliable rating of the

grasp. Based on the definitions of force closure and the gvespch space given in Section 6.2.1
(for detailed definitions see Nguyen [1988] or Ferrari andiyg1992]), we determine a quality

measure that implies forces in task direction as explainetkiction 6.2.2.

While the grasp quality measure is calculated for a statiofseontact points, the grasp stability
measure we propose considers the grasping process as aidwyatem. Determined in simula-
tion, the grasp stability is a reliable measure for estingathe grasp success when applying the
same grasp with the real hand. Section 6.2.3 compares thigdnal definitions of grasp stability
with ours, before Section 6.2.4 explains our definition itade

6.2.1 Force Closure and the Grasp Wrench Space

A set of contact points on the surface of an object is tergradp configurationA grasp configu-
ration is calledorce closuref forces f .. at the contact points; (modelled as point contacts with
friction, see Section 6.1) can be applied on the object shahany external force acting on the
object can be balanced. Some grasp configurations can lee theth others in the sense that they
can balance larger external forces by applying the same @inobinger forces.

A force applied at a contact point results in a foftec R? and a torquer € R? acting on the
objects centre of mass. They can be representedvasrechw in the 6-dimensional space:

w:<£>eR6 (6.1)

To determine the amount of every external force that can sistezl by a grasp configuration,
the grasp wrench spacV has to be examined:V determines the set of wrenches that could be
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(e) Three finger special gragp.

Figure 6.2: Pre-grasp and target grasp postures of the TUl ldad the Shadow Hand.
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exerted on the target object and can be approximated byidgnibhe contact normal forceﬁcli
as described below. The set of forcgs applicable at a contaet is defined by its friction cone
depicted in Figure 6.3.

€L 1
Cyq Cq
‘fci 7j
—_—
Ci Ci

Figure 6.3: Complexity reduction of a contact’s frictiomeo

Each contact forcegf ., can be decomposed in a linear combination of force vectang lgn the
boundary of the contact’s friction cone. To reduce comyeixi computing the wrench space, the
friction cones are approximated by a finite numbeof vectorsf .. ; (see Figure 6.3).

Figure 6.4: Transformation of contact fram@sinto the object frame.

By transforming the boundary force vectofs, ; of each contact framé€’; into the coordinate
frame of the objecO (origin o equals the centre of mass), the corresponding wrenalfes
acting on the object can be calculated (compare Figure 6.4):

o o Rg;ifci J
We, i = ( Rl (—Poe; X fe, ) (6.2)

Roc, Is the rotation matrix ang,,.. the translation vector to transform the contact framento
the object frame). A convex hull of the wrenches;, ; approximates the grasp wrench spage
whereas the contact forces are typically limited to unityhwespect to their normal component
ch using the metricd.., or L [Ferrari and Canny, 1992]:

n
L [felloe =max|f&l <1 Wi, =co (EB {w2i717---7w2i,m}>
i=1

2. |Ifllh =) Ifal <1 Wr, = co (U {w 1 v’w?i,m}>
i i=1

Wr, € Wer.

(6.3)
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When utilising thel, metric (Equation 6.3.1) the applied contact forces areviddally limited.
That leads to an enlargement of the convex Will_ with each contact. Because of the limitations
in grasp simulation (see Section 6.1.1), the number of ctstt each contact region depends on
the surface materials used. Additionally, it varies betwd#ferent simulation time steps. The
differences in the enlargement of the approximated gragmetr space between two objects or
consecutive time steps can be large when usind.themetric. This cannot be a reliable basis for
a grasp quality measure. Thus we usethametric (Equation 6.3.2), which limits the sum of all
contact normal forcefj; to one and thus limits the potential enlargement of the cohwdl Wy, .

Wr, has a geometrical meaning to the force closure requirenfehearasp configuration. Be-
cause it represents all wrenches that could be exerted dartiet object by the grasp configura-
tion, the requirement of being force closure is fulfilledth& origin is located inside the convex
hull and not on its surface (compare Figures 6.5b and 6.5dhi$ case, wrenches on the object
in any direction can be exerted, and thus disturbances frgnaiaection can be resisted.

6.2.2 Grasp Quality Measure

We determine thgrasp quality measurby taking the amplitude of the most unfortunate distur-
bance wrench that could just be resisted by the grasp coafigar given limited contact forces
as defined in Section 6.2.1. This amplitude correspond<eteattiusa of the largest hyper sphere
centred in the origim that just could be completely enclosed by the convex hulbther words,

it corresponds to minimal distance of the origito the surface of the convex hull.

(a) Fingertips touch the ball at its bat) Grasp is not force closurer(= 0) (c) Grasp is force closurex(= 0.178)
tom area. because the object originis onthe  when considering a force in direc-
surface of the convex hull. tion of gravity.

Figure 6.5: ExpandingV;,, with a force opposed to "task direction” leads to an enlargeavex hull
and an appropriate evaluation of grasp quality. The thieesdsional force component of the
convex hull, which corresponds to the grasp configuratiomshn (a), is illustrated in (b) and

(c).

The calculation of the approximatdd grasp wrench spadéd/;, considering equations (6.2) and
(6.3.2) results in a discrete set of six-dimensional poiitg,, can easily be expanded by further
points in order to calculate a quality measure that considesired directions of forces to be ap-
plied on the object [Haschke et al., 2005]. For example, éis& bf bouncing a ball requires an
application of force in the direction towards the ground.tl#¢ time when the hand touches the
ball and the fingers exert that force, this "interaction gtds not force closure although it could

be quite appropriate for bouncing the ball. The task of gregspn object from a desktop implies

a force in opposite direction (against gravity). Grasps #re not force closure though accom-
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plishing this task (for example, when the fingertips touclalhdt its bottom area as shown in Fig-
ure 6.5a) are considered to be appropriate for this taBk;jf is expanded by a force in direction
of gravity (compare Figures 6.5b and 6.5c). This is done tmiradthe point(0, 0, —1,0,0,0)"
which corresponds to the wrench of a frictionless point achapplying the desired force whereas
causing no torgue on the object’s centre of mass [Steffeadb 2T he resulting expanded set is

Wi, grav = €O (U {wl ..., wl ,,}U {(0,0,—1,0,0,0)T}> . (6.4)
=1

Grasp Quality of Different Simulation Steps

The simulation of a grasp comprises the grasp closure pmastha stabilisation phase (compare
Section 2.2.4). Starting from the hand in pre-grasp postutige first simulation time step;, the
target grasp is applied during the following simulatiorpsté, s, . .., sg, 54+1,-..). Time step
sq Is the first step, in which all grasping fingers touch the thodpgect.

A grasp quality valuer based upon the expanded grasp wrench spagg, .., can be calculated
in every simulation step, (k = 0,1,...) in which the grasping fingers touch the object. The
suitability of different steps,,;, for providing a reliable rating of the grasp is discussednia t
following:

e First step in which all grasping fingers have contact
In the first steps, when all grasping fingers have contact with the object, thgmbtade of
interpenetration (as described in Section 6.1.1) can beololigh. The resulting number
and locations of contact points are casual. Thus, a gradpgyqualue o calculated ins, is
most unreliable.

e Step in which finger motions stop:

Two different reasons lead to the stop of the finger motionee @3 that the target object
prevent the fingers from further motion, and another is thatfingers reach their target
grasp posture. The latter alternative points to the fadtttteobject is lost. In some cases,
this corresponds to realistic grasp behaviour, but mangabbjare lost in simulation after
being grasped properly. Again, the reason is the effectteffienetration. It leads to too
large counterforce acting on the object, by which the obpeetnces between the fingers.
Because this is an unrealistic behaviour, the step in whiwoyefi motions stop does not
provide a reliable grasp rating.

e Seconds,; or later step in which all grasping fingers have contact:
In deciding which simulation time steq,,, best represents the quality of the grasp, one
problem is that the quality value in subsequent steps (., sy+x+1) May vary largely.
This effect can be observed particularly when an objectushed at one or more edges.
In these cases, the orientation of contact friction conesatenge decisively (compare
Figures 6.6a and 6.6b). i, or a later simulation step in which all grasping fingers have
contact is used for calculating the grasp quality, this@aauld be too low or too high, and
thus it would not be reliable.

The grasp quality measuteevaluates a static grasp configuration. But the discusdithreaual-

ity values calculated in different simulation steps; shows that no single grasp configuration is
appropriate for providing a reliable rating of the grasp.c&&se grasping with a robot hand is a
dynamic process, an object that is grasped in one step carsbim the next. Although a grasp
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(a) Preceding simulation step with grasp (b) Subsequent simulation step with grasp
quality valuea = 0.126543. quality valuea, = 0.258619.

Figure 6.6: Index and middle finger touch edges of the shamén subsequent simulation steps(x,
sqg+k+1) Slightly different contact locations lead to large chamgefriction cone orientations
and in quality values.

configuration with a quality value > 0 can theoretically resist disturbances from any direction,
the wrenches actually applied can move the object into ggrasfiguration with a quality value

a = 0. Therefore, a grasp evaluation measure is needed thatdeosighe grasp as a dynamic
system and evaluates its “stability”.

6.2.3 Grasp Stability

The concept of stable grasping was introduced by HanafudaAaada [1977] and extended by
Nguyen [1986]. The criteria fostability are that (1) the object be in static equilibrium; and (2)
the grasp configuration be force closure. An object isdmilibrium if the sum of the wrenches
acting on the object is zero. The fulfilment of the theoréftioece closure criterion is not sufficient
when a dynamic system like a robot hand has to realise the gmadiguration. The forces being
actually applied and forces the manipulator is able to apple to be considered. Thus, Fearing
[1986] defines two more requirements for grasp stability) tRe direction of the applied forces
must be within the friction cones; and (2b) it should be gassio increase the magnitude of the
grasping applied forces to prevent any displacement due #okitrary disturbance force.

In our grasping simulation, the grasps can be tested on the fequirements (2), (2a), and (2b).
To fulfil criteria (1), the target object must not move betweahke grasping fingers. Because of
inevitable interpenetration (see Section 6.1.1), thiskedly be fulfilled when grasping in simu-
lation. To achieve this goal, we tried to fixate the object tadfingers during the grasp execution
in three different ways:

e Fixating fingers when touching the object:
To get rid of the object motion caused by interpenetratidaces, one idea was to stop the
fingers from further motion when all grasping fingers touch dject (in steps,). This
inhibits the interaction of motion between the fingers aral dbject, and it was expected
that the object stops its motion too. But test trials shovad although counteracting forces
were lowered by stopping the fingers, residual penetratitimtive fingers caused the object
to "bounce” between them. Additionally, the effect that mts switch between static and
dynamic friction arised (also described in Section 6.1l43ding to very different grasp
quality values between subsequent simulation steps.
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(a) Fingers touch the fixated object simulta- (b) More realistic grasp behaviour is
neously. achieved with an un-fixated object.

Figure 6.7: Comparison of fixated and freely moving cube &bitasping it with the TUM Hand in simu-
lation.

e Fixating object while grasping:
The first criteria for stability is definitely fulfilled if thebject is fixated during grasp simula-
tion. But this method does not lead to a realistic grasp ®t@ two reasons. In most cases
when grasping with both real robot hands, the object is mliglyethe thumb thumb push
strategy or dragged by one or more other fingedfiader drag strategybefore all grasping
fingers have contact. These effects are inhibited when figahe object in the simulated
world. The second reason is that even in the case of simoltsnienger contact, the object
is moved between the fingers before a "stable” grasp is éstalol. This behaviour can be
observed when grasping with a real robot hand and also wtespigig an un-fixated object
in simulation. Thus, fixating the object leads to an inaciugrasp evaluation (compare
Figures 6.7a and 6.7b).

e Fixating object and fingers after contact:
When stopping both the motion of the fingers and the motiorhefdbject as soon as the
grasping fingers have contact (in stgp, the criteria (1) for stability is also fulfilled. But
this stops the dynamic behaviour and the current distobutif point contacts is conserved.
Because of the described interpenetration effects, esdyem this simulation steg, the
distribution of contacts and forces is unreliable. Addhiatly, this static grasp does not shed
light on the possibility of losing the object in a later siratibn step.

None of the three approaches leads to a reliable grasp @ealmaeasure. But without fixating the
object or the fingers in simulation, grasp stability canm®tlohieved according to its traditional
definitions. These definitions divide grasp configuratiaris two categories: stable or not stable.
Each definition requires that forces applied at the contacttp can be infinitely large to resist
arbitrary disturbances. When considering the limited dsra real manipulator can apply, no
grasp configuration can be stable. Therefore, we propose aleinition of grasp stability that
considers the manipulator used. Instead of distinguistvuagcategories, it provides a measure for
the probability that a target object is grasped succegsfilien applying the grasp.

6.2.4 New Approach to a Grasp Stability Measure

We define "grasp stability” as a measure based on the gra$ipyauzdues calculated in appropriate
simulation steps. Because single simulation steps camovide a basis for a realistic grasp
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evaluation value (as discussed in Section 6.2.2)gtlasp stability measure is defined as an
average over the grasp quality valuesalculated in different simulation steps

Before giving the formal definition of the grasp stability asere, this section describes the major
considerations of which simulation stepkead to the most reliable grasp rating.

Averaging over a Number N of Subsequent Grasp Quality Values

In each simulation steg,, ., a quality valuex of the actual grasp configuration can be calculated.
Subsequent grasp quality values are quality values céécliia subsequent simulation steps in
which all grasping fingers touch the object.

One approach to acquiring quality valueshat are not necessarily calculated in subsequent sim-
ulation steps is choosing only quality values that are latigen zero ¢ > 0). But this approach
does not lead to a reliable grasp stability measune any case. For example, if a grasp is at the
limit to force closure (for instance, the TUM Hand graspihg board marker after the first opti-
misation step, see Section 7.1.1), subsequent singletygualuesa may alter between zero and
avalue larger than zero. If only simulation steps;, are considered in which > 0, the average
over a number of these quality values may be as large as tleagi@sp in which grasp configu-
rations of subsequent simulation steps are force closueth® chance of applying a successful
grasp with a real hand is higher in the latter case.

Thus, we propose to average over a numiyeof subsequent grasp quality values, independent
whethera > 0 or not.

The First Grasp Quality Value «; to be Considered

Besides determining the numbar of subsequent grasp quality valuegor averaging, the first
simulation step to be considered has to be determined. @mirgj the first step in which > 0,
leads to an unreliable grasp stabilitypecause of two reasons.

On the one hand, especially in unreliable two finger gragpsay happen that the first quality
values are zero, although the grasping fingers touch thectohjeeady. This fact is neglected,
if the first quality valuex; to be considered is determined by a value larger than zerbthen
resulting stability valuer would be too large. On the other hand, the grasp stabilityeval
could be too small in case a grasp typeith more than two fingers is applied. A quality value
larger than zerod{ > 0) can be achieved with the first two fingers touching the olfjeetause of
interpenetration more than two point contacts can occuris Value can be very small compared
to the grasp quality value calculated when all grasping fistmuch the object.

In summary, for determining the first simulation stefo be considered for calculating the grasp
stability valueco, the height of the grasp quality is not taken into account, and calculated in
simulation ste, is most unreliable as discussed in Section 6.2.2. Theref@@ropose to define
the second steg, 1 in which all grasping fingers touch the object as the first stegsidered for
calculating the grasp stability value The simulation steps, as well ass,,; can be identified
by counting the fingers having contact with the object andgaming to the numbef of fingers
that should touch the object. This numifehas to be determined for each grasp typ@d can be
object-specific in the case of grasping with the Shadow Hand.

1 For instance, when grasping the remote control with the 8liadand by utilising the standard grasp, the
resulting stability valued = 0.076190) is approximately one-quarter of that value € 0.284305) achieved
when applying the more reliable approach we use.
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Number of Grasping Fingers f

Before a grasp is applied with a five-fingered hand, like thedstv Hand, it has to be determined
how many fingers will actually touch the object. If a two finger grasp is exemjtboth grasping
fingers have to touch the object because at least two fingerssaded to provide opposing forces
(f = 2). Butin the cases of the power or the all finger precisiongrasme target objects are
only touched by three of four instead of five fingers. For examg small-sized object, like the
golf ball, is only touched by the thumb, the middle finger, #&melring finger { = 3).

When grasping with the three-fingered TUM Hand, no objeet#je distinction has to be made.
In the case of applying a two finger grasp, again both fingers tacontact the object for a stable
grasp = 2). When utilising other grasp types, each benchmark obgetttiched by all three
fingers of the TUM Handf = 3).

Phalanges to be Considered for Contacts

For determining the quality values to be considered, the number of fingers having a "valid”
contact with the object have to be counted. A contact is \alig if specific phalanges touch the
object. The appropriate phalanges have to be identifiedaichn grasp type.

(a) Only the thumb touches the object with (b) The grasp closure phase ends when all
its tip first. fingertips touch the object.

Figure 6.8: Grasping the sharpener with the Shadow Handésample of a precision grasp in which the
fingertips do not touch the object first.

The main characteristic @irecision grasps(t, t2, andts) is that the fingertips make contact with

the object. Thus, a finger has a valid contact if the fingedighes the object. Most benchmark
objects are touched by the tips of the fingers first. But, f@aneple, when grasping the sharpener
with the Shadow Hand, the proximal phalanges touch the bbjfore as shown in Figure 6.8a.

This grasp configuration is not force closure, and a stgt#aluation which does not consider

which phalanges touch the object would result in a value 0. But the grasp closure phase does
not end before the fingertips touch the object (see Figurg) 6ahd this time step has to be the
first to be considered for calculating the grasp stabitity

When utilising apower grasp (¢3), usually more phalanges touch the object, and even the palm
might be involved (for example, when grasping the tennis dmldepicted in Section 7.1.2). In
contrast to precision grasps, contacts with the fingertipsiat that important. Because the fingers
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(a) Force closure grasp without fingertip (b) Object is enclosed when all fingertips
contacts, except for the tip of the thumb. have contact.

Figure 6.9: Grasping the can with the Shadow Hand is an exaaifl power grasp in which the fingertips
do not have first contact.

enclose the object, contacts with other phalanges can fieisnf for the grasp to be force closure
(see Figure 6.9a). But the grasp closure phase does not &hdllufingertips have contact, and
the object is fully enclosed (see Figure 6.9b). Thus, castace valid if the object is touched by
the fingertips.

The pinch grasp (t4) of the TUM Hand essentially differs from the pinch grasp esed with
the Shadow Hand. When determining the finger parts to be deresl, we have to distinguish
between the hands used. In the case of the TUM Hand, onlydks sf the fingertips are suitable
for touching the object because of the hardware restristibescribed in Section 3.2.3. Thus,
a contact is valid if the fingertip touches the object. But wlag@plying the pinch grasp with
the Shadow Hand, the target object is pressed by the thumbsagdiae side of the flexed index
finger. Because the sides of the middle and the proximal pgakof the index finger may provide
opposing forces, contacts with these phalanges, besid¢acts of the tips of the thumb and the
index finger, have to be considered when applying a pinctpgséth the Shadow Hand.

Determining the Number N of Quality Values « for Averaging

There are several requirements for the numieof quality valuesa for averaging when calcu-
lating the grasp stability: (i) Subsequent quality values may differ largely, for argte, when
the object is grasped at an edge. To get a reliable graspitstablue o, the numberV of quality
values must not be too low. (ii) A too large numbiiéreads to a stability value being too low in
cases when the object is lost after being grasped propeelyadihe effects of interpenetration (see
Section 6.1.1). (iii) If the forces exerted by the fingersvere the object from reaching equilib-
rium, the object is lost after some simulation steps. Thadisgc behaviour may or may not lead
to success when grasping with the real hand. One example grdsp of the light bulb with any
of the robot hands used. This uncertainty has to be takeragtdount when calculating the grasp
stability valueos. Thus, the numbel of quality valuesx for averaging has to be large enough to
consider some simulation steps after the object is lostlaaditasp quality values are zero.

After gaining a lot of experience with applying differentgps in each of the 42 simulated scenes,
we identified the numbel of quality valuesx to be equal to 10. This number best considers all
of the three requirements and results in a reliable gragilistavalue o
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Definition of the Grasp Stability Measure o

Summing up all constraints for defining a relialgeasp stability measure: described in this
section, we propose the following definition.

Thegrasp stability measure of a graspy is defined as

Zf\il @i :
= — =1,... N, 6.5
o == =1 (6.5)
where
N =10.
The grasp quality valuesy, . .. ,ay are calculated in subsequent simulation time steps in which

all grasping fingers have valid contact¥. is the number of subsequent grasp quality values for
averaging.

The first simulation time step,; to be considered for calculating the first grasp quality salu
is determined by the second step in which all grasping finigave valid contacts.

A valid contact is a contact with the distal phalanx, i.e. the fingertip,dbgrasp types and both
robot hands with one exception: utilising a two finger pincahspt, with the Shadow Hand. In
this case, a contact with every phalanx is a valid contact.

To identify whether all grasping fingers have valid contatttie number of fingers having a valid
contact is counted in each simulation stef his number is compared to the humlfesf grasping
fingers defined, which depends on the used grasp type witlstedpecific exceptions in the case
of the Shadow Hand:

f = 2; for the types: two finger precision grasp and two finger pinch grasp;
f = 3; for the type: three finger special grasp
f = fmaz, for the types: all finger precision grasp and power grasp;;

where f,,.. IS the maximal number of fingers. In the case of the TUM Hafyd,. = 3; in the
case of the Shadow Hand,,... = 5.

The object dependent exceptions when grasping with thed®hbidnd are:

f = 4; for the objects: adhesive tape, tennis ball, cup, tea,llgimich of keys;
f = 3, for the objects: sharpener, golf ball.

If the numberM of quality valuesa that can be calculated before the target grasp posture is
reached (the object is lost) is less th&n= 10 :

M .
List %y (6.6)

6.3 The Optimisation Strategy

With our definition of grasp stability, we have a reliable m@@ to compare different grasps in
simulation. Grasps with a larger stability value are suppdds lead to more successful trials when
grasping with the real hand. In our approach to grasp opditiois, the stability value is used to
evaluate the optimisation progress. We propose a strakegyoptimises both the pre-grasp and
the target grasp for a particular target object in two subsefjsteps:
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1. One/Two-shot learning of the pre-grasp.

2. Optimising the target grasp with an evolutionary alduonit

The first optimisation step is based upon experiences made evaluating the standard grasps
developed for the TUM Hand as described in Section 4.2. Weddhat the longer it takes the last
grasping finger to reach the target object, the smaller tineben of successful grasp trials. This
is primarily due to the displacement of the object by the fiegeuching it first. Therefore, we
suggest that a grasp can be optimised by reaching fingerat@maultaneity. This assumption is
supported by the results of our grasp experiment describ&ection 5.6.

The second step optimises the target grasp. In the case $htwow Hand, the target grasp com-
prises 18 different joint angles. Optimising all joint aegltogether implies a search in a space of
18 dimensions. Whatever optimisation method is appliedasch in such high-dimensional space
would be very time consuming, and whether the global optincomid be found is questionable.
Many local minima can be expected which would not be appatgrior grasping with the real
hand. An extensive discussion of the second step of the aiiion strategy follows the next
section.

6.3.1 One-/Two-Shot Learning of the Pre-Grasp

In the first step of the optimisation strategy, the pre-giasgptimised for simultaneity of finger
contacts. Presuming the condition that the object is fixaietthe simulated world, @ne-shot
learningof the pre-grasp posture leads to simultaneous contadtgydynasp closure if all grasping
fingers can touch the object. But some fixated benchmark tsh@e out of reach of the thumb.
Under normal conditions, these objects are dragged by &tigars, before the thumb can touch
them. For these objects tao-shot learnings applied in which a second learning step optimises
the thumb posture, to reduce the elapsed time between tharfdshe last finger contact.

Theone-shot learningconsists of the following steps:

1. Execute the default pre-grasp of the grasp to be optimised

2. Apply the target grasp until the first finger has contachihie fixated object.
3. Store the current joint angle values of all fingers.

4. Continue closing the grasp until the next finger touchestject.

5. Subtract the finger's current joint angles from the presip stored ones, and add this dif-
ference to its joint angle values of the default pre-grasp.

6. Repeat with step 4 until all grasping fingers have contadbaot move anymore.

When grasping with the Shadow Hand by utilising the poweltherdll finger precision grasp, it
happens that not all grasping fingers touch the fixated abemtthe fingers that miss the object,
the joint angle values stored in step 3 are taken as the negrpsp angles. The resulting pre-
grasp posture shows a good approximation to the shape oatpet tobject (see Figures 6.10a
and 6.10b). Fingers that did not touch the fixated object eaa $trong support in the subsequent
grasp closure when the object is un-fixated (compare Figudéx: and 6.10d). Even if a finger is
not involved in the simulated grasp (for instance, thedlifthger in Figure 6.10b) its more object
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(a) New pre-grasp posture for tlad finger (b) New pre-grasp posture for thmower
precision graspf the tea light. graspof the golf ball.

(c) Ring finger closely misses the fixated (d) Ring finger supports the subsequent
object. grasp of the un-fixated object.

Figure 6.10: The tea light and the golf ball are two examplesbjects that are not touched by all five
fingers in the one-shot learning of the pre-grasp.

enclosing pre-grasp posture can be essential for the guaspss of the real hand. The discussion
of the grasp evaluation in Section 7.1.2 provides more isig

If the thumb did not touch the object in the one-shot learnimgfine, its new pre-grasp posture
has to be learned in a second “shot”. The other fingers, exoephe thumb, touch the object

simultaneously when utilising the new pre-grasp angle® difject now has to be un-fixated such
that the fingers can drag it towards the thumb.

Thetwo-shot learning comprises the following steps:

=

. (Perform the one-shot learning first.)

N

. Execute the pre-grasp by utilising the new joint angletheffingers and the default ones of
the thumb.

. Apply the target grasp until the first finger has contachulie un-fixated object.
. Store the current joint angle values of the thumb.

Continue closing the grasp until the thumb touches theabbj

o o & w

Subtract the thumb’s current joint angles from the prasfip stored ones, and add this dif-
ference to its joint angle values of the default pre-grasp.
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The first step of our optimisation strategy results imeav pre-graspfor grasping a particular
target object. To determine the optimisation progresssthkility values of the new grasp type
comprising the new pre-grasp and the default target graggyaluated in simulation. Only if the
stability valueo of this new grasp is larger than that of the default graspnéve pre-grasp is used
in the second optimisation step.

6.3.2 Optimisation of the Target Grasp

With a hand in default or new pre-grasp posture, the targesydetermines the closing trajectories
of the grasping fingers. As already pointed out, trying tarojste all trajectories together is not

reasonable. However, this is not necessary. Based on erpes gained during the first evaluation
of the standard grasps (compare Section 4.2), and becatlseiofportance of the thumb posture
examined in Section 2.2.3, we expect the most benefit froimighg the thumb trajectory.

In most existing robot hands, like the two we have at our diah@ joint comprising two degrees
of freedom located at the thumb’s base mimics the saddl¢ @dithe human hand. This joint
primarily is responsible for opposing the thumb and thugieines its trajectory during grasp
closure. Optimising only the first two thumb joints keeps dipéimisation of the target grasp pos-
ture as simple as possible. Nevertheless, this is no tpvablem. From experiences of adjusting
the two joint angles in the simulator by hand, we know thatpdynadjusting one joint angle after
the other leads to success only occasionally. The two joigles are correlated, and the two di-
mensional search space includes a lot of local minima. Fomégng the target grasp posture, a
search method is heeded that finds the global minimum in daiech space.

Optimisation and Search Methods

Conventional optimisation and search algorithms can hidelivinto three main types of methods:

calculus-basedenumerativeandrandom Calculus-basednethods depend on the existence of
derivatives of the objective function. To formalise theaattjve function that calculates the grasp
stability, we focus a problem of high dimensionality. As chifsed in Section 6.2.4, the grasp

stability depends on the quality values of several simafasiteps and thus on contact locations,
contact wrenches, and the kinematics and dynamics of thdatied system. The formalisation of

the objective function and its derivatives is hardly pokesibut we can determine its values (grasp
stability valuesr).

Enumerativesearch algorithms, like brute-force search, compare tipgsftinction values at every
point in the search space. This kind of search method ussiailgrs from the "curse of dimension-
ality”, and is not feasible in large search spaces. Whemugitig off-line in the two-dimensional
search space, this could be a usable method. But our ambiienmplementing an optimisation
algorithm that is more efficient and extendable to higheretigions (benchmarking results are
presented in Section 6.3.5).

Randonsearch algorithms have achieved increasing popularitgsesarchers have recognised the
shortcomings of calculus-based and enumerative methadtslaBdom searches, in the long run,
can be expected to do no better than enumerative methods.

Enumerative and random search methods only explore thetssaace. More efficient algorithms
exploit the current best solution using an iterative imgroent technique. The most promising
techniques belong to the class of stochastic optimisatiethads, likehill-climbing, simulated
annealing andevolutionary computatian
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In stochastic gradient descehill-climbing) a point in the neighbourhood of the current best so-
lution is selected after approximating the gradient of thgective function only by evaluating a
single training example. Other forms of this kind of searcfthmd use a small number of train-
ing examples for approximating the true gradient, but eaethod only provides local optimum
values.

To find the global optimum while being efficient, more sophitied search methods balance be-
tween exploration and exploitation of the search sp&imulated annealingKirkpatrick et al.,
1983] is a technique inspired by annealing in metallurgyedoh iteration step, the previous best
solution is replaced by the current point with a probabitifydepending on its objective function
value and an additional control parameter, "temperatre’ln general, a lower temperatuife
means a smaller probabilifyfor the current point to be accepted. Beginning with a highger-
atureT in the first iteration step, this control parameter is lowldresubsequent steps. The search
methods alters from exploration to exploitation and mayl lEaa good solution in a short time.
On the other hand, it can be expected that during the execatithe algorithm, the current best
solution "jumps” between regions of local minima, before tmal search region is chosen when
the temperaturé&’ is low enough. Thus, only one region is explored accura#flyile providing a
good solution, the global optimum might be missed.

Like other probabilistic-based algorithms, techniqueswaflutionary computatiodo not guaran-
tee the optimal solution. The major difference of evoluéigntechniques compared to traditional
optimisation and search procedures is that they search drgopulation of potential solutions,
not a single point. Therefore, these methods explore pingiregions of local minima more ac-
curately, and a carefully designed algorithm leads to aim@bt- or near-optimal — solution while
being efficient.

Evolutionary Computation

The field of evolutionary computation comprises differemblationary-based methods [Fogel,
1994]. Major approaches argenetic algorithmsevolution strategiesandevolutionary program-
ming These methods are based on the principle of evolution:vitglrof the fittest”. Systems
build on these approaches maintain a population of indal&luvhere each individual represents
a potential solution to the problem at hand. Random changssdbon probabilistic algorithms
are imposed to those solutions, and a selection schemedhiawards fitter individuals, selects
which solutions to maintain into the next generation andciid remove from the population.

In analogy to natural evolution, individuals that are stldcto be altered are called "parents”,
and the resulting individuals are called "offspring”. Thlgroduction methods used to create new
offspring are termed "genetic operators” and can be divida"mutation” and "recombination”
(also called "crossover”). Differing from the natural madedividuals are often equated to "chro-
mosomes”, and these one-chromosome individuals consegshomber of "genes”.

Differences between the approaches to evolutionary caatipatare characterised by the methods
employed for selecting new parents and the types of reptimaumethods that are imposed on the
population to create offspring. Additionally, the repnetsgtions of the individuals can be different.
Each encoding of the individuals involves an appropriate daucture and suitable operators. For
example, in binary representations, genes are represastadgle bits, and the genetic operators
use simple bit-transformations.

Genetic algorithmgraditionally used fixed-length binary strings as domaafejpendent represen-
tation of the individuals. The beginnings of genetic altjoris can be traced back to the early
1950s. It is the best known technigue in the area of evolatipeomputation. The work of John
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Holland and his colleagues [Holland, 1975] led to genetgnathms as they are known today.
Recombination is used as the primary genetic operator wihit&tion is secondary.

Evolutionary programmingdeveloped by Fogel et al. [1966], uses representatiorisatieatai-
lored to the problem domain. For example, in real-valuedndpation problems, the individuals
are represented as real-valued vectors. For transformatibindividuals are selected and then
mutated. Recombination of individuals is not generallyfgened.

Becauseevolution strategiegraditionally were developed for parameter optimisatioobtems
[Rechenberg, 1973], they use real-valued vector reprasens. Individuals are selected uni-
formly randomly to be parents. Pairs of parents are recoeabio create offspring which are
further perturbed via mutation.

These three major approaches in turn have inspired theapeueht of many other approaches in
the field of evolutionary computation. For an overview andHer references see, for example,
Eiben and Smith [2003]. Nowadays the distinction betweesdhapproaches is blurring, particu-
larly as far as representation and operators are concelest.researchers agree that individuals
should be represented in a data structure most suitable tortblem at hand. For example, for
real-valued parameter optimisation problems, the parmmvelues are usually directly stored (in
contrast to using a binary encoding), and mutation opesatae primarily applied even when the
general framework conforms to a classical genetic algorith

6.3.3 Design of the Evolutionary Algorithm

We use an evolutionary framework developed in our workingugr[Henschel, 2006]. In this
framework, an evolutionary algorithm can be variably desiy Depending on the design de-
cisions, it can approximate any of the approaches intratlat®mve. Our implementation of an
evolutionary algorithm for optimising the thumb postureléscribed in Section 6.3.4. By means
of the single steps of an evolutionary algorithm (see Figutd), design options and aspects that
are important for our implementation are explained in tei®n. For a more detailed description
see Henschel [2006].

Each design decision has to consider the balance betwedoratign and exploitation. When
increasing exploitation, the "selective pressure” is erled, which is important for a fast conver-
gence of the algorithm. But premature convergence has tediéeal. More exploratory methods
enlarge the "population diversity” while the selective ggare is reduced. The problem is, to find
the optimal design of the evolutionary algorithm for thektashand. The algorithm has to be effi-
cient, without converging too fast leading to an undesi@dt®n. This balance can be influenced
by design choices in each step of the evolutionary process.

The evolution algorithm maintains in each iteratiom populationP () of a numbem of individ-
ualsI

P@t)={I,..., I.}. (6.7)

IndividuaIsI§- are represented as floating point arrays and consist of agrumbf genesz

IL={G,....G }. (6.8)

J1u’? J

Initialisation

The determination of the population sizas crucial for finding the balance between exploration
and exploitation of the evolutionary algorithm. A largerpptation increases the diversity of



6.3. THE OPTIMISATION STRATEGY 83

Initialisation

Reproduction

Constraint
Handling

Replacement

P(t+1)

Figure 6.11: Steps of the evolutionary algorithm.

chromosomes, which reduces unidirectional searches amdhijyn may protect from premature
convergence. Heuristics about the number and the regiopstehtial solutions help to keep the
evolutionary algorithm efficient when used for initialigithe population# = 0)

P0)={1Y%...,1°. (6.9)

Methods to initialise the genes of the individuals are:

e Random with Global Interval
Each geneGg (k =1,...,m) is selected randomly out of an intenvalThis interval; has
to be specified beforehand and is valid for all genes.

e Random with Local Intervals.
A particular intervali, (k = 1,...,m) has to be specified for each ge@¢. The initial
geneGg is selected randomly out of its interval.

e Previous Sequence
Different sequences can compose the evolution procesgaebrsequence different design
decisions can be made. Subsequent sequences can use fitialpsiiitions of the previous
one.

e Manually
Heuristics on good solutions or a promising population iditg can be used by providing
an appropriate set of individuals manually.

Evaluation

The evaluation functiory is the link between the evolutionary algorithm and the peabto be
solved. Each individuaJI§- is evaluated by applying an evaluation functigS(1I§-). It is also
called "fitness function” because it returns the "fitnessthaf individual, and it corresponds to the
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"objective function” in traditional optimisation methadshis fitness function does not have to be
known to the evolutionary algorithm. For solving the taskad, it only needs to get appropriate
fitness values of each individual.

Selection

There exist different mechanisms for the selection of wictividuals should reproduce. When
the population size is large, it might not be appropriate to select all indivigu@r reproduction.
Selection methods that focus on a smaller part of the pdpulatight be required. Methods that
are biased towards fitter individuals, enhance the sekeptiessure of the algorithm.

Four major selection mechanisms are:

e All Individuals
The reproduction mechanism tries to reproduce each ingavid

e Random
A number of individuals is selected randomly.

e Quality Based
A number of individuals is selected according to their fisidsdividuals of higher quality
are favoured.

e Tournament Based
A number of randomly chosen subsets of individuals is geedrar he fittest individual of
each subset is selected for reproduction.

Crossover operators require a second or more individualsefaroduction. In which way the
crossing partners are chosen, depends on the type of cevggmerator applied.

Reproduction

Reproduction is the process of generating offspring by tmgea single individual or crossing
different individuals. Different types of both genetic og®rs, mutation and crossover, exist.

Mutation is asexual reproduction. It generates new genes by chamess, Tutation is basically
an exploratory reproduction method. Mutating a géhwith a mutation rate- means that it is
increased or decreased bywith a 50% chance each. A promising optimisation strategyois
use larger in the beginning of the evolution process and use smalddrits end. Large lead to
rapidly finding promising regions of potential solutionstioé search space. These findings can be
exploited, by lowering the mutation ratewhich aims for local fine tuning.

Major types of the mutation operator are:

¢ Basic Mutation
This method of reproduction uses fixed mutation rates

e Dynamic Mutation
Dynamic mutation uses a dynamically changing mutationrate Beginning with a start-
ing rater, it decreases with each iteration step(t) = rs/t.
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These two operators are used in our implementation (se@8&c8.4). Which genél;k of the
selected individuaI§- is to be mutated, is chosen randomly. Other applicable moutaperators
are: boundary mutation, uniform mutation, heavy mutatiandom mutation and decay mutation.

Crossoveris a recombination method of two or more parents. It provaesix of genes of the
parents to their offspring. The offspring becomes a kindadfipbetween their parents, depending
on the crossover method used. By using crossover only,icaggions (in which the global
minimum might lay) may not be examined. Even local minima hmigot be reached because
they might lay outside of any centre of the parents. On therdiland, successful genes can be
propagated to other members of the population. Thus, cresse an exploiting reproduction
method that increases the selective pressure.

e Basic Crossover
Basic crossover is a two parent crossing mechanism. A oemtainber of genes is taken
from the first individuaII§- and the rest from the secodd. The split point as well as the
second individual[§- is selected by chance while self crossing is prevented.

e Average Crossover

This method generates its OffSpI’iIIgH by averaging genes of two parerft?rl =
The crossing partner is selected by chance and self crossimgvented.

I+
1=,

Further crossover methods that are not used in our impletientfor optimising the thumb pos-
ture are heuristic crossover, arithmetical crossover,patylfixed crossover.

For each operator aappliance probability p with 0 < p < 1 has to be specified. The chance
of an operator for being applied dependsoand the selected method for offspring insertion
(explained below in Section "Replacement”).

Constraint Handling

Constraints, like bounds of gene values, can be provideddon gene. This is useful for prevent-
ing the evaluation function from being passed infeasibleesa Additionally, the search space
can be restrained by excluding unpromising regions, whieeds the optimisation procedure. A
constraint handling mechanism decides how to handle @nstriolation.

e Death Penalty
This mechanism rejects an infeasible individiigt ' if a geneG;"! is generated that violate
the constraints (for example, its value lays outside of amgintervali;,). The Death Penalty
method is useful when only simple constraints are specif@mdexample, if the solution
space is limited by single gene intervals.

When several intervals are specified for each gene, tha@olsppace is more complex, and more
sophisticated constraint handling methods may be reqéoreithding the region of the global op-
timum. These methods accept different amounts of conswaitations. They provide a penalty
component which reduces the quality of infeasible solgidapending on the amount of their vi-
olation. Applicable constraint handling mechanisms anest@mised Death Penalty, Feasible In-
feasible Penalty, Linear Best Penalty, Dynamic Penaltgpield Penalty, and Better Best Penalty
[Henschel, 2006].
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Replacement

Whether an offspring is inserted into the population depasmithe replacement technique used:

e In-Place Offspring
Each offspringIg.Jrl directly replaces its paredt; according to its quality. It has to be
pre-defined how many attempisa parent can be reproduced until an appropriate quality
offspring is reached. It can be selected that degeneradipvgeal, which means that a lower
quality of offspring compared to that of its parent is aceéptin each trial (1 ta) one of
the specified operators is applied while operators withdriginobability value» have more
chance to be chosen.

e Best Individuals
New offspring is inserted into the population only if it panins better than the individual
with the lowest fithess value. Before creating the next geiwr P(¢ + 1) by inserting
offspring, reproduction is performed on all individualsested for this purpose. On these
individuals each specified operator is applied with the philily p. The best individuals
of the set of the previous generatid?, together with all new offspring, form the next
generationP(t + 1).

Best Individuals is a highly exploitative method. Choosamdy the fittest individuals for the next
generationP(t + 1) enforces a fast convergence of the algorithm. In-Placepbifg allows a
parallel development of different potential solutions #uad a lower selective pressure. Other, but
not used, replacement techniques are:

e Fixed Insertion
Offspring always is inserted, a randomly selected indialdsiremoved from the population.

e Total Replacement
The reproduction process generatesffspring, which form the next generatidd(t + 1).

Termination

When the next generatiaR (¢ + 1) is created, a new iteration step- 1 starting with the selection
process can be executed. After which iteration step theigeobry algorithm terminates depends
on the selected termination condition:

e Threshold Condition
The evolutionary algorithm terminates once the averagditguacrease of the complete
populationP(t + 1) over a given number of generatiogss lower than a chosen threshold
valueq > 0 with

> oQUITH - U <, (6.10)
=1

where( returns the individual's quality, which previously was e®@hined by the fitness
function f(I%).

e Generation Condition
The evolutionary algorithm terminates after a given nunadéterationst,,,q .
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6.3.4 Implementation for Thumb Angle Optimisation

The design of an evolutionary system depends on the kindadflgm to be solved and the ex-
perience of the user. An appropriate balance of exploraiwhexploitation is required for good
performance. Especially choosing mutation and crossgeerators may or may not be appropri-
ate for the task at hand. Each operator plays a differentindlee search process. A priori, it is
difficult to specify the relative importance of each operafbhe choice of appropriate operators
is rather a heuristic process, and even experienced ustifferent operators and other design
possibilities before determining the final configuratioranfevolutionary system [Spears, 1992].

Our evolutionary algorithm for optimisation of the first tdllumb angles is based on the design
considerations discussed in Section 6.3.3. Before we tigdseveral combinations of opera-
tors with different parameterisations, we determined #ikep design decisions and how many
sequences our evolutionary algorithm comprises.

Evolution Sequences

The evolutionary algorithm can consist of several sequerach sequence constitutes an evolu-
tionary sub-process. Two sequences can represent totifdlgedt evolutionary algorithms in that
for each step of the algorithm different design decisions lma made. A constructive sequence
improves the potential solutions of the terminated one.

In our implementation for optimisation of the first two thurabgles, we use two sequences with
different purposes. The first sequence has to explore thé@olspace while maintaining the ini-
tial population diversity. The purpose of the second secei@nto exploit the potential solutions of
the first sequence while enlarging the selective pressutexploring the most promising regions.
The desired behaviour of the evolutionary algorithm is eebd with following design decisions.

Design Decisions

There are several design decisions of different steps oétbkitionary algorithm that apply for
both sequences. We choospapulation sizeof n = 14 individuals. Each individual ; consists
of m = 2 genes (the first two joint angles of the thumb).

Selection All Individuals are selected for reproduction.

Evaluation: For evaluating the fitness of an individual, we execute ttasg to be optimised in
simulation while replacing the first two thumb joint anglddlee target grasp with the gene values
of the individual. The stability measure described in S#c6.2.4 provides the fithess value of the
individual to be evaluated.

Constraint Handling: We use single intervali, for both gene<x. (k = 1, 2) to limit the search
space to promising regions. These limits depend on the usesp dype and are presented in
Table A.3.

Death Penaltyis applied as the constraint handling mechanism. Thus ti@nsviolation is not
allowed.

Termination: Because we optimise off-line and search for the optimuratsmi, we userhresh-
old Conditionfor termination with a very low threshold gf= 0.0001. The number of generations
to be sampled over ig = 3.
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The design decisions in steps: Initialisation, Reprodugtand Replacement differ between the
two sequences:

1. Sequence

Initialisation : The method used to initialise the = 14 individuals I? is Manually. The indi-
viduals are distributed over the two-dimensional seardtspn accordance to the intervals
presented in Table A.3.

Reproduction: We use four differently parameterised mutation operatorexplore the search
space for potential solutions:

¢ Basic Mutationwith mutation rater; = 1, appliance probability = 0.15;

e Basic Mutationwith mutation rater; = 0.5, appliance probability = 0.15;

e Basic Mutationwith mutation rater; = 0.25, appliance probability = 0.15;

e Basic Mutationwith mutation rater; = 0.1, appliance probability = 0.15.
Replacement By utilising theln-Place Offspringtechnique in the first sequence, the next gen-
eration P(t 4+ 1) maintains individuals that remain in similar regions tostmf the previous
generationP(t). Together with the uniform distribution of the initial pdation, an accurate
exploration of different regions of potential solutionspigssible. Maximak = 3 attempts of

achieving a larger fitness value by applying a single ope@iaach individuall§- are executed.
Degeneration is not allowed.

2. Sequence

Initialisation : After termination of the first sequence, its resulting gdagian is employed as the
initial population P (0) of the second sequence by utilising fPeevious Sequenaeethod.

Reproduction: Besides four basic mutation operators with lower mutatetes than applied in
the first sequence, one additional dynamic mutation and tagsover operators aim for exploiting
the potential solutions and for fine tuning:

¢ Basic Mutationwith mutation rater; = 0.08, appliance probability = 0.15;
¢ Basic Mutationwith mutation rater; = 0.05, appliance probability = 0.15;

¢ Basic Mutationwith mutation rater; = 0.025, appliance probability = 0.15;

Basic Mutationwith mutation rater; = 0.01, appliance probability = 0.15;

Dynamic Mutationwith starting rate; = 1, appliance probability = 0.15;

e Basic Crossovewith appliance probabilityy = 0.15;

e Dynamic Crossovewith appliance probability = 0.15.

Replacement Only the n fittest individuals are chosen for the next generat®(t + 1), by
utilising the Best Individualstechnique. This enlarges the selective pressure, and aftew
iteration steps it is expected that alindividuals concentrate on the most promising region. The
local fine tuning results in the desired optimal — or at leastrroptimal — solution.
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6.3.5 Benchmarking the Evolutionary Algorithm

We decided to utilise an evolutionary algorithm for optimgsgrasp postures because this is an
efficient search method even when facing higher dimensidtishplewicz, 1996]. The first two
joint angles of the thumb provide the most potential wherinaigtng the target grasp because
they determine the thumb opposition posture. But othet jngles and especially the parame-
ters that determine the position and orientation of the hearmdbe reasonable parameters to be
optimised. The evolutionary algorithm applied can easdyeltended to consider individuals of
higher dimensions.

Besides the advantage of being extendable, the efficientlieoimplemented evolutionary al-
gorithm, i.e. how fast it converges towards an optimal sofytis an important characteristic.
Because we use the evolutionary algorithm for optimising-tiimensional individuals only, it is
guestionable whether it outperforms conventional sedgurithms, like enumerative and random
methods, which are most advantageous when applied in loerdimnal search spaces. To answer
this question, we performed a benchmarking of our evolatipralgorithm against a brute-force
search method.

The evolutionary algorithm implemented requires a fitnedaer after each application of an op-
erator generating a new offspring. The evaluation of anviddal, by simulating the grasp and

calculating the grasp stability value is the time consuming factor of the optimisation procgss.
Thus, an enumerative search algorithm that evaluates &simimber of points (equals individu-

als) requires a similar amount of time.

objects grasp EA brute force search

type indiv. | o points | stability || points | o
TUM Hand
toy propeller || 3F sped; || 1234 | 0.808905|| 1260 | 0.423482|| 5130 | 0.654956
remote control|| powerts 1096 | 0.311009|| 1147 | 0.298496|| 5070 | 0.305300

light bulb powerts 1012 | 0.285743| 1015 | 0.271614|| 5070 | 0.263055

folding rule 2F prects 967 | 0.125237|| 999 | 0.112643|| 5063 | 0.117694

pencil 2F prects 974 | 0.326044|| 999 | 0.247617| 5063 | 0.214468
Shadow Hand

tissue pack powerts 1121 | 0.240717|| 1147 | 0.230789| 5082 | 0.237272
board marker || 2F precty || 1221 | 0.056605| 1271 | 0.043741| 5084 | 0.046284
chocolate bar|| AF prect; || 1070 | 0.274517|| 1089 | 0.266396| 5041 | 0.261528

eraser 2F precty || 1153 | 0.24114 || 1200 | 0.136821| 5084 | 0.140026
bunch of keys|| AF prect; || 1268 | 0.260685|| 1296 | 0.256091| 5041 | 0.262884

Table 6.1: Benchmarking the implemented evolutionary@tlgm (EA) against brute force search. When
providing the brute force search with a number of points lsintb the number of individuals
(indiv.) evaluated for the EA, the EA outperforms the enuattiee search in each case (red sta-
bility valueso). Only when grasping the bunch of keys with the Shadow-Halnitevevaluating
more than 5000 points, the brute force search leads to ahsghigility valuec (when using
4096 points in this case, = 0.255958).

We determined the efficiency of the evolutionary algorithyncbmparing the fithess value of the
best individual with the fitness value of the best point of atéforce search. The number of
points evaluated in this enumerative search algorithm vasen to be uniformly distributable
over the two-dimensional search space and to be larger kieanumber of offspring evaluated

2 Depending on the used grasp type and the target object agaalwof one individual takes between 0.4 seconds
and 1.4 seconds on a 1.8 GHz Pentium 4 CPU.
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before the best individual was found with the evolutionagogthm. The search was limited by
the bounds of the genes, similar as when using the evolutiaigorithm. We chose ten different
objects that were grasped with different grasp types. Ealsbthand grasped five of them. In all
ten cases the evolutionary algorithm outperforms the Hartee search, because when evaluating
a similar number of points, the evolutionary algorithm fdwan individual with a larger stability
value (see Table 6.1).

To determine the efficiency of the evolutionary algorithne enlarged the number of points of the
enumerative algorithm in steps of thousands. When proyittie brute force search with more
than 5000 points, for one grasp (bunch of keys with the Shadamd) a point was found with a
stability valueo larger than the best result of the evolutionary algorithnm te other hand, in
nine of ten cases the brute force search leads to a worsé tleanlthe evolutionary algorithm,
although about five times as much points were evaluated maguive times as much time. In
other words, in these cases the evolutionary algorithm wagifnes as efficient as the brute force
search while leading to a better result.



7 Evaluation

Based on the benchmark system proposed in Section 4.1, \icarped several experiments in
both robot hand setups to evaluate the optimisation sirgiegposed in Section 6.3.

These experiments are described and analysed in Sectio ffelmeaning of the experimental

results on the different steps of the optimisation straie@yaluated in Section 7.2. The results of
one additional experiment lead to a comparison of the gngspapabilities of the robot hands we
used as described in Section 7.3.

7.1 Experiments

In the experiments we performed, the success rates (0 tow¢of ten grasp trials) for grasping
each object were determined. The first experiment was céadldior evaluating the grasp success
of the standard grasps. After optimising the pre-grasp$i®ftandard grasps in simulation, the
results bew pre-graspwere analysed in terms of their grasp stabilitiesnd were used to conduct
the second experiment with the real hand. If the stabilitp ofew pre-grasp was larger than that
of the standard grasp, the new pre-grasp was used in thedseptimisation step. Otherwise,
the standard pre-grasp was utilisedlhe chosen pre-grasp was applied in the third experiment
with the real hand together with the optimised target gramw(target graspwhich was the
result of the second optimisation step. Detailed listingthe optimised values of the joint angle
configurations are presented in Section A.2.

The evolutionary algorithm applied in the second optiniisastep requires a fithess value (sta-
bility o) suitable for finding promising search regions (see Se@&i8m). To this end, we enlarge
the frictional coefficientg: andv (see Section 6.1.2) if the stability < 1e after the first grasp
optimisation step. In the search space of the evolutiongrithm, this leads to more grasps with
quality valuesx larger than zero (see Section 6.2) and thus to more graspsstability o larger
than zero. This enhances the chance for finding promisinglseagions and the optimal target

grasp.

The grasp type to be chosen for grasping a particular object with the Shadawd was deter-

mined to be the same type that was identified by the first ettatuaf the TUM Hand standard

grasps as described in Section 4.2. This provides the apptyrtto compare grasping of a partic-
ular benchmark object between both robot hands by applyiagpg of the same grasp type

Tables 7.1 and 7.2 show the results of the grasp experimentsl fobjects and each of the three
grasps,standard graspnew pre-grasp and new target grasp In the case of the TUM Hand,
the numbers of successful trials when applying the stangeasps were determined in the first
experiment described in Section 4.2 and are redisplaydtindlumn “standard grasp success” of
Table 7.1. The next two sections provide a discussion ofithalated grasps and the experiments
performed with the real hands and further explain the regiten in Tables 7.1 and 7.2.

! One object, the cup, is an exception. For explanation, sedetailed discussion of grasping this object.
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7.1.1 Simulated and Real Grasps of the TUM Hand

no. object grasp standard grasp new pre-grasp new target grasp
type || stabilityc | success| stabilityc | success|| stabilityc | success
1 | adhesivetape| i3 0.004892 10 0.112395 10 0.242452 10
2 toy propeller ts 0.126676 10 0.178193 10 0.808905 10
3 toy cube ty 0.093513 10 0.093513| (10) - -
4 can t3 0.109237 10 0.114548 10 0.186490 10
5 tissue pack t3 0.386662 10 0.460620 10 0.486769 10
6 tennis ball t3 0.065507 10 0.208380 10 0.240189 10
7 paper ball t3 0.379838 9 0.410645 10 0.522070 10
8 sharpener ty 0 8 0.191164 10 0.226848 10
9 | remote control| ¢3 0.129637 8 0.196658 10 0.311009 10
10 cup t3 0.287787 9 0.353118 - 0.356003 10
11 | board marker| t, 0.031801 7 0.000518 0 0.131739 10
12 tea light t1 0.125607 6 0.169162 10 0.344191 10
13 golf ball t3 0.198839 7 0.268729 10 0.364540 10
14 matchbox t1 0.157896 7 0.191704 10 0.304353 9
15 light bulb t3 0.097098 6 0.110267 9 0.285743 10
16 | chocolate bar| 0.154287 5 0.327594 10 0.365321 10
17 | foldingrule to 0.094767 4 0.001160 2 0.125237 10
18 | voltage tester| ¢ < 1e© 3 <le® 2 0.149888 9
19 eraser to 0.069555 4 0.061848 6 0.353659 10
20 | bunchofkeys| t; 0.149508 0 0.053156 0 0.163833 0
21 pencil to 0 0 0 0 0.326044 0

Table 7.1: Grasp stability of simulated grasps and the number of successful grasp (@iab 10) out of
10 grasp attempts with the real TUM Hand before optimisagtandard grasp), after the first
optimisation step (new pre-grasp), and after the seconichigattion step (new target grasp).
Red values indicateew pre-graspghat are used in the second optimisation step.

Evaluation of the experiments on grasping the benchmar&ctbjwith thestandard graspafter
the first optimisation stepnéw pre-grasp and after the second optimisation steew target
grasp:

1. adhesive tape:

(a) standard grasp:thumb pushes thé) new pre-graspsimultaneous toucft) new target graspstable grasp with
object laterally. of index and middle finger. optimal thumb posture.

Figure 7.1: TUM Hand grasping the adhesive tape in simuiatio
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e standard graspWhen executing the standard power grasjn simulation, the index
finger touches the adhesive tape first and drags it towardshthmb. The second
contact is made by the moving thumb which pushes the objemtalsy because the
middle finger cannot provide an opposing force at this pairtime (see Figure 7.1a).
When finally all three fingers touch the adhesive tape, théacopoint of the thumb
is suboptimal and leads to a low grasp stabitity Nevertheless, the evaluation with
the real TUM Hand revealed that the standard power grasp wiisiant to grasp the
object in each of the ten trials successfully.

e new pre-grasp:The first grasp optimisation step generatega pre-graspvhich pre-
vents the adhesive tape from being pushed laterally in sitionl. Because the index
and the middle finger touch the object and drag it towardstbenb simultaneously
(see Figure 7.1b), the middle finger now can provide the dpipoal force required
when the thumb reaches the object. The resulting stabgilyevis much greater than
for thestandard graspAgain, each grasp trial was successful.

e new target grasp:With the second optimisation step, the grasp stabiitwas en-
hanced largely. Since the thumb provides the opposing $déhe other fingers, the
contact point on the object is essential for stable grasfsiag Figure 7.1c). However,
the experiment with the real TUM hand did not show differenttethe evaluation of
thenew pre-graspand no grasp trial was incomplete again.

2. toy propeller:

(a) standard grasp:thumb touches thé) new pre-grasp:simultaneous con(c) new target grasp: contacts at
toy propeller at the side of a blade. tacts between the blades. the cube with wide static friction
cones.

Figure 7.2: TUM Hand grasping the toy propeller in simulatio

e standard grasp:The simulation of the standard grasp shows that the thumthésu
the toy propeller at the side of a blade (see Figure 7.2a).nghasping with the real
hand, there is the risk that the thumb misses the blade inrdspglosure phase due to
uncertainties in location and orientation of the objectwideer, during the experiment,
the thumb touched the blade at its side in each trial and afigg were successful.

e new pre-grasp:By utilising the new pre-grasp simultaneous contacts are achieved
in simulation with each finger touching the propeller betwéso blades (see Fig-
ure 7.2b). This leads to a greater stabilityand the risk that the thumb may miss the
blade is reduced when grasping with the real hand.

e new target graspThe stability value of the grasp was increased largely ajbpémis-
ing the thumb joint angle values. Due to the fact that theaibfedragged towards the
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wrist before all fingers touch it, the contact points are fedaat the propellers cube
nearer to the object’s centre of mass. Furthermore, a giatture is reached in an
early simulation step shown by static frictions cones irukég7.2c.

3. toy cube:

(a) standard grasp:the pre-grasp pogb) standard graspa suitable grip posfc) standard grasp:simultaneous con-
ture is optimal already. ture is achieved. tacts of the two grasping fingers.

Figure 7.3: TUM Hand grasping the toy cube in reality and mudation.

e standard grasp: The two finger pinch grasp for grasping the toy cube is the only
grasp that cannot be improved by any of the two optimisattepss Neither this was
necessary since the evaluation with the real hand showedhinatandard pre-grasp
(see Figure 7.3a) and the standard target grasp lead toadlsudrip posture (see
Figure 7.3b) for grasping the toy cube successful in eaah tri

e new pre-graspThe optimised pre-grasp provides the same joint anglesagdhdard
pre-grasp. This is due to the fact that the two fingers touehidy cube at the same
point in time (see Figure 7.3c) when applying the standaesmiin simulation. A
stability evaluation of a grasp with the same preconditi@ssilts in the same stability
valueo. Thus, a subsequent grasp evaluation was omitted and tblecsaaround the
number of successful grasps in Table 7.2 denote that thessicate of the standard
grasp is assumed.

e new target graspSince the thumb is not involved in the two finger pinch grasthef
TUM Hand, this optimisation step cannot be applied.

4, can:

e new target grasp:The closure trajectory of the thumb is more directed towdnds
object than in the case of the standard power grasp. Thiseidgada difference in the
thumb joint anglef; of more than 20 degrees (compare Tables A.1 and A.4). The
result is a greater stability value and the evaluation whi teal hand showed full
grasp success.

5. tissue pack:

e new target graspThe differences between the standard grasp and the optinguiasps
are small in the case of the tissue pack. Every grasp triabwesessful
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6. tennis ball:

(a)standard graspobject is grasped..(b) standard grasp:...and it is lost af{c) new target grasp:real fingers stop
terwards. motion when contact is detected.

Figure 7.4: TUM Hand grasping the tennis ball in simulatiod & reality.

e standard grasp:When the tennis ball is touched by all three finger in simatafsee
Figure 7.4a), a grasp suitable for lifting the object is klished ¢ > 0). But when
the fingers move on towards the target grasp posture, thetobjsqueezed out of the
hand after a few simulation steps (see Figure 7.4b). In astitthe fingers of the real
hand are stopped when contacts are detected (see Figuyeahddn no grasp trial of
the experiment the object was lost.

e new pre-grasp:With the new pre-graspthe fingers still loose the tennis ball but in
a later simulation step. This enhances the stability vaheatty, while no essential
differences were observed when evaluating with the read.han

e new target grasp:The closure trajectory of the thumb is more directed towanes
object which is not lost in simulation anymore. Additioryalthe fingers contact the
object more simultaneously, and this inhibits the roll nroeat of the tennis ball. This
effect was observed when grasping with the real hand too.

7. paper ball:

(a) new pre-graspoptimised pre-grasfb) new pre-grasp:..leads to a suitablé) new target graspstable grasp with
posture... grip posture. the real hand.

Figure 7.5: TUM Hand grasping the paper ball in simulatiod amreality.
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e new pre-grasp: The cuboid model approximating the paper ball in simulaiisee

Section 6.1.2) differs largely in its properties from thédfmd, cleft, compliant sheet
of paper. However, with theew pre-graspa success rate of ten out of ten trials was
achievable. The reason is that the further flexion of the thimthe optimised pre-
grasp posture (see Figure 7.5a), in contrast to the stamderdgrasp posture, leads to
an optimal thumb opposition posture and a higher stahility the subsequent grasp
closure (see Figure 7.5hb).

e new target graspAfter the second optimisation step, no uncertainties weseosed

when grasping with the real TUM Hand. The optimised thumblesgnly differ
slightly, but the new target grasp seems to be more stable giasping with the real
hand (see Figure 7.5c¢), and no "near-losts” were obserkedtifore.

8. sharpener:

(a)standard grasp: index finger(b) standard graspobject is lost after{c) new pre-grasp:optimised postures

touches object at an edge. wards. lead to a successful grasp.

Figure 7.6: TUM Hand grasping the sharpener in simulation.

e standard graspWhen executing the standard grasp in simulation, first abiganade
by the index finger at an edge of the sharpener (see Figurg Abtéat time, no other
finger touches the object. It is pushed and rotated in a wayhbkahumb touches the
sharpener subsequently at a side on which no forces oppibsisg of the other fingers
can be exerted (see Figure 7.6b). Thus, the sharpener damgoasped in simulation
ando = 0. When grasping with the real hand, the index finger only byr.ckdouches
the sharpener at an edge, and the effects described werelwsdyved in two trials.
In the other eight grasp trials, the thumb touched the olgeet side providing the
opportunity to exert opposing forces to the other two fingers

e new pre-grasp:The new pre-graspeads to simultaneous contacts of the index finger
and the middle finger. This prevents the sharpener from beitaged. The thumb is
more flexed and touches the object at a side appropriate doiding opposing forces
to the other fingers. With this optimised pre-grasp, the @a@r can be grasped in
simulation (see Figure 7.6¢), and with the real hand, eatbrofrials was successful.

9. remote control:

e new pre-grasp:The new pre-grasdeads to a larger grasp stability, and the grasp
success with the real hand was enhanced from eight to terf ter grasp trials (see
Figure 7.7a). Although being no topic of this experimeng, pineviously observed lack
of robustness against rotation of the hand after liftingdée Table 4.3) was eliminated
additionally (see Figure 7.7b).
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(a) new pre-graspgrasp with large stafb) new pre-grasp:robustness againét) new target grasp:thumb touches
bility. rotation is enhanced. object near its CM.

Figure 7.7: TUM Hand grasping the remote control in realitg & simulation.

e new target graspAfter the second optimisation step, the thumb closure dtarg is
more directed towards the object’s centre of mass (CM) tledorb (see Figure 7.7c¢).
This results in a larger stability and in certain grasp trials with the real hand.

10. cup:

(a)standard grasp: pre-grasp posturéb) new pre-graspthumb is flexed todc) new target graspsuccessful grasp
with a hand opening being large far. trial.
enough.

Figure 7.8: TUM Hand grasping the cup in simulation and iditga

e new pre-grasp:The optimised pre-grasp results in a grasp with larger Igttalai than
that of the standard grasp (see Figure 7.8a), but it canrepléed with the real TUM
Hand. The reason is that the real hand is in pre-grasp padtuiregy the placing phase,
and the thumb sticks into the cup because it is flexed too fénéncase of theew
pre-grasp In simulation, the grasp evaluation starts with a hand d&inpre-grasp
posture and in grasp position (see Figure 7.8b). If this dppdy would exist for
the real hand too, the optimised pre-grasp could encloseufn@nd would result in a
more stable grasp. But since the pre-grasp has to be ap@fecelithe grasp position
is approached, the optimised pre-grasp was not evaluatdatdied with a dash in
Table 7.1).

e new target grasp:Although the standard pre-grasp is utilised, the new thuoii |
angle values lead to a grasp stabilitywhich is even larger than that of tmew pre-
grasp As a result, the success rate was enhanced to ten out ofdep tials (see
Figure 7.8c).
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11. board marker:

(a) standard graspguite good standar(b) new pre-grasp: relocated thumlfc) new target graspoptimised oppos-
grasp. contacts lead to low stability. ing forces.

Figure 7.9: TUM Hand grasping the board marker in simulation

e standard grasp:The standard two finger precision grasp is quite suitablgifasping
the board marker (see Figure 7.9a). With the real hand seweofden grasp trials
were successful.

e new pre-grasp:The stabilityo of the optimised pre-grasp is lower than in the case of
the standard pre-grasp. The significant difference betileeitwo pre-grasps is that
the optimised one does imply a farther flexion of the thumbcaBee the pre-grasp
posture of the thumb is rather estimated than optimised vpeeforming a two-shot
learning (see Section 6.3.1), this optimisation step do¢grovide an optimal result
in the case of grasping the board marker (see Figure 7.91th. thé real hand, in none
of the grasp trials the object was grasped successful, Wwhikeost cases the object
rotated between the fingers and was lost during the lift-bége.

e new target graspThe optimisation of the thumb target grasp posture leadptinal
opposing contacts (see Figure 7.9¢), and the success mtWwanced to the optimum.

12. tealight:

(a) standard grasp: object is graspe¢b) new pre-grasp:object is better enfc) new target graspthumb exerts op-
but lost afterwards. closed by thumb and middle finger. timal opposing forces.

Figure 7.10: TUM Hand grasping the tea light in simulation.
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e standard grasp:In simulation, the tea light is grasped at first (see Figui®a), but
because the thumb cannot exert large enough opposing fortles other fingers, the
object is pushed towards the ulnar side of the hand and ltstwafrds. The same
effect was observed in the incomplete grasp trials exeautidthe real hand.

e new pre-graspBecause in theew pre-grasgposture the thumb and the middle finger
are more flexed than in the standard pre-grasp posture, sutisquent grip posture,
the forces are more synchronically distributed over the sigtface of this cylindrical
object (see Figure 7.10b). Therefore, in simulation anckaldity the tea light is not
pushed out of the hand anymore.

e new target graspAs shown in Figure 7.10c, the thumb touches the object at arlow
point which facilitates optimal opposing forces to the otfiager contacts. This in-
creases the stability largely. The grasp trials with the real hand showed no uncer-
tainty, and again full success was achieved.

13. golf ball:

e new pre-graspSimilar to thenew pre-graspf the tea light, the middle finger is more
flexed compared to the standard pre-grasp posture. Thigmsethe golf ball from
rolling to the ulnar side and out of the hand when graspindp Wwie real hand. The
results are an enhancement from formerly seven to ten sfategasp trials and a
larger stabilityo.

e new target graspWhen utilising the new thumb joint angle values, the thumindése
flexed in its target grasp posture, and its closure trajgésamore directed towards the
object’s centre of mass. This leads to a greater stabiliilyeven simulation, whereas
again full grasp success was reached when evaluating veittetii hand.

14. matchbox:

(a)standard grasp:thumb touches thé) new pre-grasp: thumb contact igc) new target grasp:thumb touches
object close to a corner. near the upper edge. the object at a lower point.

Figure 7.11: TUM Hand grasping the matchbox in simulation.

e standard graspThe thumb touches the object close to a corner of the sidesepipo
the other finger contacts (see Figure 7.11a). In three chiseside was missed in the
evaluation with the real hand.



100 CHAPTER 7. EVALUATION

e new pre-grasp:As Figure 7.11b shows, the thumb touches the matchbox niarer
centre of mass when theew pre-grasps utilised. However, the contact point is lo-
cated at the upper edge, and a kind of fortune is respongibtetite thumb did not
glide over this edge in any real grasp trial.

e new target graspThe new target grasp results in a contact point farther aveay the
centre of mass (see Figure 7.11b). Nevertheless, it isdddatver and thus leads to a
larger stability value. Grasping the matchbox with the reald showed no uncertainty
in nine out of ten trials. But again the thumb touches thealjmser to the corner of
the side. Hence, the grasp is less robust against distiebafite variance in object
position and orientation and the inaccuracies in the fingetrol of the TUM Hand
are the reasons for that in one grasp trial the thumb missé®giposing side.

15. light bulb:

g..J =

4

p—"1

(a) standard grasp:thumb pushes thé) new pre-grasp:hardly any differ-(c) new target grasp:optimal thumb
light bulb laterally. ence to the standard pre-grasp pos-closure trajectory.
ture.

Figure 7.12: TUM Hand grasping the light bulb in simulation.

e standard graspThe thumb trajectory is suboptimal since it exerts forces plush the
light bulb to the ulnar side of the hand (see Figure 7.12agréfore, the object is lost
during the grasp simulation and the stabilityis low. When grasping with the real
TUM Hand, it was also observed that the thumb pushed the kight laterally, and
the object was lost in four of ten grasp trials.

e new pre-grasp:Due to the curved shape of the light bulb, the index and thedlmid
fingers already touch the object simultaneously when usiagtandard grasp. Hence,
there is no change in their pre-grasp posture after the ftsingsation step (see Fig-
ure 7.12b). Additionally, the thumb is just slightly morexiel, but this difference
leads to a small improvement in contact simultaneity andgoceess rate of nine out
of ten grasp trials.

e new target grasp:The new target grasp leads to an optimal thumb closure toajec
(see Figure 7.12c) that keeps the thumb from pushing the lighv laterally. As a
result, the object is not lost anymore in simulation and alitg

16. chocolate bar:

e new pre-graspWhen using theew pre-graspthe chocolate bar is less rotated, and it
is touched by the thumb nearer its centre of mass (compatedsiq.13a and 7.13b).
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(a) standard graspobject is rotated byb) new pre-grasp:thumb touches ob{c) new target graspobject is touched
the index finger (first contact). ject nearer its centre of mass. still nearer its centre of mass.

Figure 7.13: TUM Hand grasping the chocolate bar in simorati

This leads to a stability larger than twice the value of the standard grasp and to full
success in the grasp evaluation.

e new target grasp:The stabilityo is enhanced again because the thumb touches the
chocolate bar still nearer the centre of mass than befoesHiggire 7.13c).

17. folding rule:

e new pre-grasp: The optimisation of the pre-grasp suffers from the samectffas
described in the case of the board marker. The object alatetbbetween the fingers
and was lost in the lift-off phase when grasping with the heald. But in contrast to
the board marker, the folding rule was grasped in two triatesssfully.

e new target grasp:Optimising the thumb angles leads to an optimal thumb ctsur
trajectory and to full success in the grasp experiment.

18. voltage tester:

(a) standard grasp:grasp is not force clofb) force space: topstan-(c) new target graspgrasp is force closure,
sure at the moment of first touch of the dard grasp bottom: even with default friction coefficients.
fingers. new target grasp

Figure 7.14: TUM Hand grasping the voltage tester in siniomhat

e standard grasp:The stability evaluation of the standard grasp results iralaevof
o < 1le75. At the point in time when both fingers touch the voltage tetsee
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Figure 7.14a), a force in direction of gravity cannot bestsl. This is proved by
the force part of the wrench space shown at the top in Figu4b7.This uncertainty
was also observed when grasping with the real hand whiletbnde grasp trials were
successful by chance.

e new pre-graspThe new pre-grasp posture does not lead to essential diffesevhen
the fingers touch the voltage tester. Similar as before, ibmb nearly reaches its
target grasp posture when it touches the object. Hence tdhdity values and the
grasp success rates are comparably low.

e new target grasp:For optimising the thumb target grasp posture, the frictoef-
ficients between the materials of the fingertips and the gelt®ster were doubled
(n = 2.0; v = 0.6; see Section 6.1.2). This offered the possibility to aohiam opti-
mal thumb posture and a stable grasp in simulation. Even whieg the default fric-
tion coefficients (see Figures 7.14b (bottom) and 7.14cakilgy of o = 0.065514
is achieved, whereas the value listed in Table 7.1 corresptmhigh friction. When
evaluating the optimised grasp in reality, only in one ttied object was lost.

19. eraser:

(a) standard grasp:index finger draggb) standard grasp:suboptimal oppo{c) new target grasp: both fingers
and rotates the object. sition of finger contacts. touch the object simultaneously

Figure 7.15: TUM Hand grasping the eraser in simulation.

e standard grasp: The index finger touches the object first and drags it towahnds t
thumb (see Figure 7.15a). Because the contact is not neabjbet’s centre of mass,
the eraser it rotated. The grip posture does not providetaldeifinger opposition to
the thumb (see Figure 7.15b). This leads to a low stahilignd is the reason why in
most grasp trials executed with the real hand the eraserosas |

e new pre-grasp:Since, in the case of the voltage tester, tiegv pre-graspnly leads
to small differences in the grip posture, the stability eslare similar and the grasp
success with the real hand was larger only by chance.

e new target graspThis optimisation step leads to a thumb posture with a matatsa
opposition to the index finger than before (see Figure 7.1Adyitionally, now both
fingers touch the eraser at the same time. The evaluatetitgtatis much higher, and
in reality no grasp trial was incomplete.
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20. bunch of keys:

e new pre-grasp: The bunch of keys is modelled as a simple box in simulatioe (se
Section 6.1.2). This is only a coarse approximation of thrsnfvariable object, and
the stabilityc > 0 does not correspond to reality. Grasping with the real TUMdHa
was not successful in any trial both before and after thedpsiisation step.

e new target grasp:The thumb angles of the target grasp only change slightlynwhe
applying the second optimisation step. Again, the expartrshowed that the three-
fingered TUM Hand is hardly able to grasp this form-varialigeot.

21. pencil:

4

(a) new target grasphigh friction coef-(b) new target grasp:pads elevate thé) new target graspsuccessful grasp
ficients lead to wide friction cones.  pencil by 4 mm. of elevated pencil.

Figure 7.16: TUM Hand grasping the pencil in simulation agality.

e standard graspThe standard two finger precision grasp is not appropriatgrésping
the pencil. In simulation the thumb does not even touch this object, thus the
stability o = 0.

e new pre-grasp:The new pre-graspdoes not lead to an improvement since the grasp
posture of the thumb is responsible for that the pencil cehagrasped.

e new target graspThe stability of the optimised grasp is low « 1e~%) when using
realistic friction coefficients in simulation. For optirmg, four times larger coeffi-
cients were usedu(= 4.0; v = 1.2) leading to wide friction cones (see Figure 7.16a)
and to great stability as listed in Table 7.1. The new target grasp realises the most
appropriate two finger precision grasp for grasping the ipeuith the real TUM Hand,
but the pencil was not lifted in any of the ten trials. The oeas a remaining gap be-
tween the tips of the thumb and the index finger in target gpasure. Nevertheless,
the fact that the optimised target grasp is most suitableyfasping this object was
shown after elevating the pencil by 4mm using two pads (sger€i7.16b). This led
to ten out of ten successful grasp trials in an additionakdrpent (see Figure 7.16c).
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7.1.2 Simulated and Real Grasps of the Shadow Hand

no. name grasp standard grasp new pre-grasp new target grasp
type || stabilityo | success|| stabilityo | success| stabilityc | success

1 | adhesive tape| i3 0.157609 10 0.185234 10 0.337551 10

2 toy propeller ts 0.172909 10 0.234636 10 0.292682 10

3 toy cube ty 0.248465 10 0.248465| (10) 0.380063 10
4 can t3 0.255011 10 0.295776 10 0.382037 10

5 tissue pack ts 0.183172 10 0.137026 10 0.240717 10
6 tennis ball t3 0.114489 7 0.312271 8 0.362121 10
7 paper ball t3 0.219402 10 0.222263 10 0.300357 10

8 sharpener t 0.257970 10 0.303304 10 0.424608 10

9 | remote control| ¢3 0.284305 10 0.127224 10 0.417855 10
10 cup t3 0.138124 10 0.431006 - 0.455679 10
11 | board marker| to 0.030594 10 0.034759 10 0.056605 10
12 tea light t 0.091017 8 0.241182 9 0.268954 10
13 golf ball t3 0.025039 6 0.101005 8 0.224461 9
14 matchbox t 0.238027 6 0.252589 9 0.335330 10
15 light bulb t3 0.017925 8 0.021799 10 0.342233 10

16 | chocolate bar| t; 0.246085 10 0.248558 10 0.274517 10
17 folding rule to 0.016603 10 0.015223 10 0.110728 10

18 | voltage tester| to 0.017331 8 0.017107 7 0.080589 9
19 eraser to 0.054965 9 0.051065 10 0.241145| 1/10
20 | bunchofkeys| t; 0.232630 1 0.211252 0 0.260685 2
21 pencil to 0 0 0 0 0.122870 8

Table 7.2: Grasp stability of simulated grasps and the number of successful grasp {fiaio 10) out
of 10 grasp attempts with the real Shadow Hand before opiiis (standard grasp), after
the first optimisation step (new pre-grasp), and after tlversg optimisation step (new target
grasp). Red values indicatew pre-graspghat are used in the second optimisation step.

Evaluation of the experiments on grasping the benchmankctbjpwith thestandard graspafter
the first optimisation stepnéw pre-grasp and after the second optimisation steew target

grasp:

1. adhesive tape:

(a) standard grasp: opposing fingergb) new pre-grasp: "both” opposing(c) new target grasp:thumb touches
"drag” the object towards the thumb. forces are applied simultaneously. object at a lower point.

Figure 7.17: Shadow Hand grasping the adhesive tape in giion]

e standard graspin some of the ten grasp trials, the adhesive tape rotatecekatthe
fingers after it was grasped. This was due to the fact that ree feensors were used
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(see Section 3.1.3) and the finger controller continualgdtto reach the target grasp
angles for all joints. Nevertheless, the adhesive tape waspgd successfully in each
trial.

e new pre-grasp: The object rotation observed previously was reduced ancbrimes
grasp trials totally avoided by using the optimised presgrahich converts thénger
drag strategy (see Figure 7.17a) of the standard grasp iftotlastrategy (see Fig-
ure 7.17b). The finger contact simultaneity leads to an ésatadn of torques exerted
on the object and thus to less rotation.

e new target grasp:The optimised target grasp posture results in a contact @awver|
and more centred point upon the surface of the adhesive sepeHjgure 7.17c). Be-
cause the thumb provides the major part of the opposing foreach force exerted
by the fingers, an optimised opposition posture of the thuamblead to a much larger
stability value, as it is the case when grasping this objeaimulation. The experi-
ment with the real Shadow Hand revealed no essential difteewhen evaluating the
grasps after each optimisation step.

2. toy propeller:

(a)standard grasp: middle finger(b) new pre-grasp: fingers reach be{c) new target grasp:simulated three
touches propeller at its blade. tween the blades of the toy pro- finger special grasp.
peller.

Figure 7.18: Shadow Hand grasping the toy propeller intyeahid in simulation.

e standard grasp:Grasping the toy propeller revealed a major difference betwthe
TUM and the Shadow Hand concerning the configuration of thgefim at the palm.
Because the distances between the metacarpophalangesbjihe fingers are shorter
in the case of the Shadow Hand, it happened that one fingetupit at a blade of the
propeller (see Figure 7.18a) rather than touching the olhetwveen the blades (see
Figure 7.18b). But even when touching the tip of the blade,gfasps were success-
ful.

e new pre-grasp:Since the standard pre-grasp and the optimised pre-grasplifter
slightly, no essential differences were observed compabioth grasp experiments.
Again, all grasp trials were successful.

e new target graspThe optimised thumb joint angles are similar to those of taedard
grasp. Nevertheless, small differences lead to a largkiligtavalue in simulation (see
Figure 7.18c).
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3. toy cube:

(a) standard grasp:thumb touches thé) standard grasp: index finger(c) new target grasp:thumb touches
toy cube at its upper edge. reached its target grasp posture be-the toy cube at a lower point.
fore the thumb touches the object.

Figure 7.19: Shadow Hand grasping the toy cube in realityiasdnulation.

e standard graspAlthough the toy cube was successfully grasped in each itredme-
times was touched by the thumb at the upper edge (see Fidla)7.Hence, more
uncertainties in object location could easily lead to ammplete grasp.

e new pre-grasp:The first optimisation step does not result in different grasp joint
angle values. The reason is that the index finger reachedrgsttgrasp posture al-
ready when the thumb touches the toy cube as shown in Figliéb {compare Sec-
tion 6.3.1). Since there is no difference compared to thedstal grasp, the stability
values are equal and a re-evaluation of the same grasp wpsenfiotmed. The brack-
ets around the number of successful grasp trials in Tableléhdte that the success
rate of the standard grasp was assumed.

e new target grasp:The optimised thumb joint angle values lead to great stghili
caused by a thumb contact at a lower point of the toy cube.ofifih the success rate
does not differ to that of the standard grasp, the optimisadpgapplied with the real
hand shows no uncertainty anymore (see Figure 7.19c).

4, can:

(a)new pre-grasp: botttontact strat{b) new target grasp:first contact in(c) new target grasp:enclosing grasp
egy is achieved. thefinger dragstrategy. at first contact of all fingers.

Figure 7.20: Shadow Hand grasping the can in simulation.
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e standard grasp:The can was grasped in each of the ten trials successfutlyt Was
observed that there is only small variability in the objegtosition and orientation
relative to the hand being in grasp position. The values e$¢hparameters have to
match exactly those assumed by the robot system because tdrge size of the
object. Otherwise the fingers cannot enclose the objecttaimiid — initiated by the
fingers in pre-grasp posture — roll away before the graspgbeap

e new pre-grasp:Due to the fact that the shape of the pre-grasp posture noveiie m
adopted to the shape of the can, the object is less rotatedeliefs lifted. The thumb
is more flexed for achieving finger contact simultaneity (Segire 7.20b) resulting in
a smaller hand opening. This leads to less variability ingbsitioning of the hand,
but the can again was grasped successful in each of thedésn tri

e new target graspWith the second optimisation step, thethcontact strategy achieved
with the optimised pre-grasp is changed intbnger dragstrategy again. The thumb
closure trajectory ends at a location that is farther awagnfthe object and the other
fingertips than before (see Figure 7.20b). Hence, the olgedtagged towards the
thumb and the results is a more object enclosing grip postudea larger stabilityr
(see Figure 7.20c).

5. tissue pack:

(a) standard graspfirst finger contact(b) standard graspfirst moment of all(c) new pre-grasp:first moment of all
finger contacts. finger contacts.

Figure 7.21: Shadow Hand grasping the tissue pack in sifoualat

e standard graspAs the simulation of the standard grasp shows (compare €guRla
and 7.21b), the object is rotated during grasp closure. aheeseffect was observed
when grasping with the real hand. But the form-variable andmiant tissue pack is
formed to the fingers when they exert pressure on it, and tiiareces the chance of
grasp success. Hence, the object was grasped successfallyrials.

e new pre-grasp:The one-shot learning step for optimising the pre-graspupedeads
to a less stable grasp although it realises a perfect finggacbsimultaneity. The
bothcontact strategy is achieved particularly by a more flexadhthin the optimised
pre-grasp posture. Thus, the fingers are more extended mittment when the thumb
touches the object (compare Figures 7.21b and 7.21c). Aaseqaence, the fingers
touch the tissue pack nearer its upper edge leading to a Istability . But be-
cause of the advantageous properties of the object foriggagpeach grasp trial was
successful.

e new target graspGrasping the tissue pack with the optimised thumb joint@rglues
revealed no essential differences than when using theatémasp. Again, each of
the ten grasp trials was successful.
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6. tennis ball:

(a) standard grasp:ring finger touchegb) new pre-grasp: enclosing pre{c) new target grasp’optimal” power
object first. grasp leads to simultaneous con-grasp involving the palm.

tacts.

Figure 7.22: Shadow Hand grasping the tennis ball in sirarat

e standard grasp:In three grasp trials the tennis ball was pushed out of the ladter

being grasped successfully. It was observed that the inttlexyniddle, and the ring
fingers exerted too much force that the thumb could not resiste reasons are a
suboptimal thumb closure trajectory and the fact that neahaensors were utilised
for avoiding further motion of the fingers after touching titgect.

new pre-grasp:The more object enclosing pre-grasp (compare Figures aiad2#.22b)
inhibits the rolling of the object out of the hand. But stilltwo grasp trials the object
was lost because of the same reasons responsible for thaptete grasp trials in the
case of the standard grasp.

new target graspAfter optimising the target grasp, all grasp trials werecgssful. In
the optimal opposition posture, the thumb resists all for@eerted by the fingers on
the tennis ball, and an "optimal” power grasp is accomplishg pressing the object
against the palm (see Figure 7.22c).

7. paper ball:

e standard graspThe advantage of the Shadow Hand having more fingers comfmared

the TUM Hand especially comes to grip when objects like tmenfgariable paper ball
have to be grasped. Whereas, in the case of the TUM Hand, foerddion of the
paper ball led to incomplete grasp trials in some cases, wiramping with the Shadow
Hand, the object’'s shape is adapted to the five grasping fingading to successful
grasp trials.

new pre-graspAs also indicated by the stability, thenew pre-grasps not advanta-
geous for grasping the paper ball compared to the standerdrpsp. Although now
all fingers touch the paper ball simultaneously in simutgtioo essential differences
were observed when grasping with the real hand.

new target graspThe differences of the thumb angle values are less than degrees
in each joint compared to those of the standard grasp. Wiaspigg the form-variable
paper ball with the real hand, this order of magnitude doagesult in remarkable
changes. Again, the object is adapted to the five fingers dstiaelow Hand leading
to successful grasp trials.
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8. sharpener:

(a)standard grasp:standard pre-grasf) new pre-grasp: optimised pre{c) new target grasp: high stability
posture. grasp posture. through enclosing fingers.

Figure 7.23: Shadow Hand grasping the sharpener in siroalati

e standard grasp:When grasping with the five-fingered Shadow Hand, it is not tha
severe if one finger misses the object or if one finger toudhewobject at an edge,
compared to grasping with the three-fingered TUM Hand. Algiothe sharpener
was pushed and rotated in different directions during tleeegtton of the grasp trials,
its motion always was completed by a certain grip posture.

e new pre-grasp:The new pre-grasgphows hardly any difference in the thumb angles,
but particularly the index finger and the little finger be#erclose the object (compare
Figures 7.23a and 7.23b). This leads to a grasp with largduilisy o and to less
movement of the sharpener in the grasp trials executed hétheal hand.

e new target grasp:The magnitude of the stability after optimising the target grasp
is comparable to that of object enclosing power grasps. igdh finger precision
grasp, not only the sharpener is touched with the fingerbps,also contacts with
other phalanges occur (see Figure 7.23c). The new targgp gasture of the thumb
causes the object to move even less during the grasp proeesi tvas observed after
the first optimisation step.

9. remote control:

(a) standard graspindex finger sets refh) new pre-grasp:thumb touches re(c) new target grasp:thumb matches
mote control on the edge. mote control at its side. the bottom shape of the remote con-
trol.

Figure 7.24: Shadow Hand grasping the remote control inIgitiou.
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e standard graspin simulation, the remote control is set on the edge (seer€igi24a)

before the thumb reaches under its bottom side, leading emesloping grasp. The
stability o of this power grasp is larger than those of any other stangiasp applied

with the Shadow Hand. This enveloping effect was not obskwieen grasping with

the real hand, where the thumb touched the object rathee aidle than at its bottom.
This discrepancy is due to simplifying the model of the regramintrol in the simulator
by assuming sharp edges.

new pre-grasp:When using the optimised pre-grasp in simulation, now themth
touches the remote control at its side during grasp clossge Figure 7.24b). In
contrast to the standard grasp, the thumb does not reach threleemote control
anymore. The object is not enveloped and thus the stabiligyilower. When grasping
with the real hand, no essential differences were obselasd ,each grasp trial was
successful again.

new target graspBecause the stability value was not enhanced by the firshagati
tion step, the standard pre-grasp was utilised for optimgishe joint angle values of
the thumb. When simulating the grasp after this second dgdiinon step, the envelop-
ing effect occurs again. The thumb matches the bottom shiathee semote control
exactly (see Figure 7.24c). This leads to a large stalility

(a) standard grasp: tip of the thumb(b) new pre-grasp:thumb is flexed tdc) new target grasp:thumb matches
touches the cup. far in pre-grasp posture. shape of the cup.

Figure 7.25: Shadow Hand grasping the cup in simulation.

e standard grasp: Similar to the can, there is only small variability in the gpgposition

relative to the large-sized cup. An inaccurate positiorohthe real robot hand above
the object leads to contacts between the fingers in pre-gespre and the cup during
the placing phase. Since this was not observed when evajuht standard grasp (see
Figure 7.25a), all grasp trials were successful.

new pre-graspWhen optimising the pre-grasp for grasping the cup, the gaotdem
as in the case of the TUM Hand occurred. Again, the distantedsn the tip of the
thumb and the cup is too small in the optimised pre-graspupegsee Figure 7.25b).
Although there is no contact between the thumb and the cup Wieehand is in grasp
position, the optimised pre-grasp posture of the thumb dvmad to a contact with the
seam of the cup during the placing phase. Thus, an evaluatitte new pre-grasp
was not performed.
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e new target graspBecause the optimised pre-grasp is not applicable, thelatdpre-
grasp was utilised for optimising the target grasp. Newess, the resulting grasp
leads to a large stability. When applying the new target grasp, the thumb matches
the shape of the cup which leads to more contact points tHaneb@ee Figure 7.25c).
The grasp trials executed with the real hand showed no aiesrt

11. board marker:

e standard grasp:Since only two fingers are involved when grasping the boarckena
(two finger precision grasp), these two fingers have to be aetealignment for pro-
viding the opposing forces required. The rate of ten sutekgsasps trials shows that
the standard two finger precision grasp is appropriate fsgng the board marker.

e new pre-grasp:The changes in the joint angle values are small between dnelatd
grasp and thenew pre-grasp Hence, the corresponding stability values just differ
slightly and the board marker was grasped successfullydn &aal.

e new target graspThe second optimisation step leads to a change below tweeggr
in each of the thumb joint angle values. This leads to no ¢isdetifferences when
evaluating the optimised grasp with the real hand.

12. tealight:

(a) standard grasp:thumb touches obh) standard grasp:object is lost aftefc) new target grasp:grasp after opti-
ject first thumb puststrategy). being grasped. mising in two steps.

Figure 7.26: Shadow Hand grasping the tea light in simutatio

e standard graspBecause the tea light is a small object with low frictionagffwients
and is roundish at its contact surface, it was lost afterdogirasped successfully in
two out of ten grasp trials. This effect is also shown whenusitting the standard
grasp (see Figure 7.26b) and results in a small stalility

e new pre-grasp: After optimising the pre-grasp, both contact strategy is realised.
In contrast to the priothumb puststrategy (see Figure 7.26a), large motions of the
object before being grasped are inhibited. But still theeobas pushed out of the
hand in one grasp trial. In simulation, the tea light is nat lanymore leading to a
large improvement of the stability.

e new target graspThe optimised thumb closure trajectory endows the thumb thie
ability to resist all forces exerted by the opposing fingelemwtouching the object
(see Figure 7.26¢). The results are a larger stahilignd full success in the grasp
experiment with the real hand.
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13. golf ball:

(a) new pre-grasp:object enclosure in(b) new target graspobject is graspedc) new target grasp:...and is lost af-
hibits lateral motion. at first... terwards.

Figure 7.27: Shadow Hand grasping the golf ball in simutatiad in reality.

e standard grasp: The golf ball resembles the tea light in its properties ratgvfor
grasping. Hence similar problems occur like a low stabiitgnd the fact that in some
grasp trials the object was pushed out of the hand. But inrasinto the tea light,
there is less variability in the position of the golf ballatVe to the grasping hand. An
inexact grasp position leads to an earlier contact with glsifinger causing the golf
ball to roll away before all grasping fingers touch it.

e new pre-graspThe optimisation of the pre-grasp leads to an enclosureexjdiff ball
when the fingers (except for the thumb) touch the object sanabusly. This inhibits
the lateral movement of the golf ball (see Figure 7.27a),itigt rolled towards the
thumb before being graspefinger dragstrategy). Nevertheless, this rolling is better
guided by the enclosing fingers leading to more succességipdgrials.

e new target grasp:By utilising the results of the second optimisation steg, ginasp
success rate was improved again. Unfortunately, one gredpvas incomplete al-
though the golf ball was successfully grasped at first (sgar€i7.27b). But because
the index and the middle finger exerted too much force, theabhyas pushed out
of the grasping hand afterwards (see Figure 7.27c). Thislgmo can be avoided by
using fingertip sensors to stop the fingers from further nmotio

14. matchbox:

e standard grasp:The evaluation of grasping the matchbox evidenced the fattfor
flat objects, it is important that the fingers close directhpwe the desktop surface
(while avoiding to stick into it). Although the standard &hger grasp meets this
requirement, the matchbox was not grasped in four of the taspgtrials. In the
incomplete trials, the object was rotated and the thumipstipover its upper edge
(see Figure 7.28a).

e new pre-graspBefore optimising the pre-grasp, the thumb touched the Imbatc first
(see Figure 7.28b). When applying the optimised pre-grsgrasping fingers touch
the object simultaneously (see Figure 7.28c) inhibitingtation of the object. Hence,
a slip of the thumb over the flat object in less likely, and all bne grasp trials were
successful.
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(a)standard grasp:thumb glides ove(b) standard grasp:first touch thumb(c) new pre-grasp:simultaneous con-
the object. pushstrategy). tacts pothstrategy).

Figure 7.28: Shadow Hand grasping the matchbox in realithimsimulation.

e new target graspOptimising the thumb closure trajectory led to a large $itgbir in
simulation, and no grasp trial with the real hand was incatephnymore.

15. light bulb:

(a)standard grasp: object is draggedb) standard grasp: object is lifted(c) new target grasp:grasp optimised
by first fingers touching it. over the thumb. in two steps is successful.

Figure 7.29: Shadow Hand grasping the light bulb in simafati

e standard graspThe ring finger and the little finger dragged the light bulb &fteld it
over the thumb in two out of ten grasp trials. Additionallyetclosing thumb caused
a lateral motion of the object and supported its slip out efliand. The same effects
are observed in simulation (see Figures 7.29a and 7.29b).

e new pre-grasp: After the first optimisation step, all fingers, except for themb,
touch the light bulb simultaneously preventing the objeontT being lifted over the
thumb. The second improvement of the optimised pre-gratipaisthe thumb nearly
reached its target grasp posture when touching the objexztcé] the thumb does not
cause a lateral motion of the object anymore, and all gréap twere successful when
grasping with the real hand. In simulation, the light bulbti$i lost after being grasped
successfully. Thus, the stabilityis enhanced only slightly.

e new target graspThe second optimisation step leads to a much larger stabilite-
cause the object is not lost anymore in simulation (see Eigu29c). The optimised
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thumb trajectory ends in a more distal point leading to aacinwith the object occur-
ring earlier in the grasp closure phase. Since the first agdition step led to full grasp
success already, in the experiment of grasping with thehaad after the second step
no essential differences were observed.

16. chocolate bar:

e standard graspWhen applying the standard all finger precision grasp, tkeffirger

touching the chocolate bar is the index finger. This fingertexetorque on this oblong
object by which it is slightly rotated before being toucheddl grasping fingers.
Nevertheless, the object was grasped successfully in easp tial.

e new pre-grasp:With the first optimisation step, contact simultaneity dffaigers,

except for the thumb, is achieved. This prevents the objech fbeing rotated and
again each grasp trial was successful.

e new target graspThe optimised thumb trajectory realises a contact with tiezolate

bar nearer the object’s centre of mass and results in a latgheitity o.

17. folding rule:

(a) standard grasptweezers-like grasfb) standard grasp:object rotates befc) new target grasppinch-like grasp.
(in balance). tween fingers

Figure 7.30: Shadow Hand grasping the folding rule in realit

e standard graspThe folding rule has to be touched near its centre of mass Wwaieg

grasped with a two finger precision grasp (see Figure 7.3Qdherwise the object
rotates between the thumb and the index finger in the lifpbfise. The reason is that
the mass distribution of this relatively heavy and longilfeot causes an imbalance
that the forces exerted by the two fingers could not resigs fidppened in some grasp
trials (see Figure 7.30b), but the object was lost in no case.

new pre-grasp:The differences in the joint angle values in relation to ttendard
pre-grasp are negligible. Thus, the stability values arglar and all grasp trials were
successful again.

new target grasp:Because the optimised thumb trajectory is directed moreutdsv

the radial side of the index finger, the folding rule is prelsssther against the side
of the index fingertip than against its volar pad. Hence, tmmér tweezers-like two
finger precision grasp now becomes a more pinch-like graspare Figures 7.30a
and 7.30c) with a larger stability.
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18. voltage tester:

e standard grasp:The grasp experiment with the real hand reveals that thelatdn

two finger precision grasp is suitable for grasping the gateester. Compared to the
board marker, the handle of the voltage tester is thinneitasthape is more complex.
Hence, it is more difficult to grasp this object, and two outeri grasp trials were
incomplete.

new pre-graspThe first optimisation step only leads to slight changeseémite-grasp.
The stabilityo is similar to that of the standard grasp and only by chancenome
grasp trial was incomplete.

new target grasp: The change in the optimised thumb joint angle values are only
small, too. Nevertheless, it was observed that they leagstodbject movement in the
stabilisation phase than before. This is the reason whyrdspguccess was enhanced
to nine out of ten grasp trials. In the incomplete trial, the tfingers touched the
thinnest part of the object’s handle.

19. eraser:

(a)standard grasp: tweezers-likgb) new target grasp (1): object is(c) new target grasp (2): pinch-like

grasp.

knocked over by the thumb moving grasp with correct finger control.
too fast.

Figure 7.31: Shadow Hand grasping the eraser in reality.

standard grasp:The eraser is even thinner than the handle of the voltager tdmit
the standard two finger precision grasp is also appropratsuccessfully grasping
this object (see Figure 7.31a). Only in one grasp trial tlesarwas lost after being
grasped by the two fingers. This was due to the fact that therfjpit angle controller
tries to correct small deviations of the actual angles froentarget angles. Caused by
this active control, it happens that the sum of the joint amlglviations of both fingers
result in a too large distance between the fingertips. Thiblpm can be avoided by
using fingertip sensors to stop the controller if contachvilie object is detected.

new pre-grasp:Although the stability value is slightly lower, the graspcsess rate
is higher than that of the standard grasp. Like in the cas#ésedfolding rule and the
voltage tester, the optimised two finger precision preqgady shows small changes.
Hence, the differences in both the stability value and ingitessp success occurred by
chance.

new target grasp:Similar to the second optimisation step in the case of gnastie
folding rule, the two finger precision grasp turns into a pigecasp by utilising the op-
timised target grasp. The thumb closure trajectory is tiikenore towards the radial
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side of the index finger leading to an almost four times laggability o. In contrast,
only a success rate of one out of ten grasp trials was achievém first evaluation
of the optimised target grasp. We observed that the erasekm@cked over by the
thumb before the index finger reached the object (see Fig@tbY. The difference
in the finger control between the simulated hand and the tead@&v Hand was due
to frictional problems in the joints of the index finger, whioccurred after an oper-
ation time of some weeks. Therefore, the initial mappinghef inger control into
the simulation environment was not accurate any longeerAftiapting the simulated
finger joint velocities to that of the slowed down countetpaif the real hand, another
attempt of optimising the thumb trajectory led to full sussén the subsequent eval-
uation of the resulting target grasp (see Figure 7.31c). sthaility o = 0.198909 is
almost three times larger than that of the standard grasimhoéddgh the two grasping
fingers apply a pinch-like grasp again (because the objgueissed by the thumb to
the side of the index fingertip), in none of the grasp triaésehaser was knocked over
anymore.

20. bunch of keys:

(a) standard grasp:opposing forces oib) new pre-grasp:simultaneous con(c) new target grasp:several keys in
one key. tacts avoid rotation. vertical orientation.

Figure 7.32: Shadow Hand grasping the bunch of keys in yeatitl in simulation.

e standard grasp:The bunch of keys is the most difficult object to grasp. It ¢sins
mainly of five keys, and when it lies on the desktop, the ougsskslope down to the
desktop surface (for illustration see Figure 4.1). Fingeysng to grasp the bunch of
keys, most often touch the flat keys at an edge and slip ovirglaén surface. Even
if a finger adheres to a key, the keys move against each othaneimg the difficulty
for exerting appropriate forces on the bunch. Only one ouenfgrasp trials was
successful, in which opposing forces have been exertede@sdme key by chance
(see Figure 7.32a). During the other grasp trials, the kegt®\wushed against each
other. When the form-variable bunch of keys reaches a Hiekalignment with its
keys lying upon each other in a horizontal or a vertical (skewn in Figure 7.32c)
orientation, there is a chance that the object is graspezbssiully.

e new pre-grasp:The stabilityo is decreased after the first optimisation step although
all grasping fingers, except for the thumb, touch the bunckegt simultaneously
(see Figure 7.32b). A rotation of the object is inhibitedt tis leads to a different
thumb contact point being less suitable for exerting opmpgorces on the object.
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Nevertheless, the cuboid model of the bunch of keys in sitioulas only a coarse ap-
proximation of this form-variable object, and it was not egfed that this optimisation
step leads to more grasp success. On the other hand, migfastthe reason that no
grasp trial was successful, and it cannot be stated wheth@tdahenew pre-grasps
disadvantageous for grasping with the real hand.

e new target grasp:The optimised thumb closure trajectory is slightly moresdied
towards the objects centre of mass in simulation. But becafighe incalculable
configuration of the keys, only by chance the bunch of keysgvasped more often
during the evaluation of the optimised grasp with the realha

21. pencil:

(a) new target graspthe pencil is grasped. (b) new target graspthe pencil is lifted.

Figure 7.33: Shadow Hand grasping the pencil in reality.

e standard graspin the experiment of grasping the pencil with the standaral finger
precision grasp, the object was slightly rotated duringgtesp trials. This revealed
the fact that the object was touched, and additionally tiaisdard grasp seemed to be
quite appropriate for grasping the pencil. Neverthelegserof the ten grasp trials was
successful.

e new pre-grasplike in case of most other objects which are grasped with &itvger
precision grasp, the first optimisation step does not leagssential changes in the
pre-grasp and also in the stability & 0). Additionally, the pencil was not grasped
successful in any trial.

e new target grasp:The second optimisation step led to the first successfuk toa
grasping the pencil (see Figures 7.33a and 7.33b). Addiligrthe optimised thumb
trajectory resulted in the largest increase in the graspesscrate over all objects.
Eight out of ten grasp trials were successful in the expertméth the real hand. To
find the optimal thumb target posture, frictional coeffi¢geaf x = 5.0 andv = 1.33
were used. Applying these values results in the stahilitigted in Table 7.24 = 0
when using the default values presented in Section 6.1.2).
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7.2 Results of the Optimisation Strategy

The experiment on human grasping described in Chapter 5eshtvat humans strive for finger
contact simultaneity when grasping objects. This finding wansidered when developing the
optimisation strategy for improving grasping with the tvatot hands. The effects of the optimi-
sation steps on the grasp times are explored in the followéigre the results of the experiments
with the real robot hands are summarised by evaluating tstegid the second optimisation step.

7.2.1 Effects on Grasp Times and Finger Contact Strategies

As proposed in Section 5.1, the grasp times to be investgate the grasp forming time (GFT),
the grasp opposing time (GOT), and the grasp closure timeljG®@hereas GFT always equals
GOT when a two finger grasp type is applied, in general theéioelsbetween the grasp times are:

GCT > GFT > GOT .

One result of the experiment on human grasping presenteeditio8 5.6 is that the most reliable
measures to analyse and compare simultaneity of finger a@snighen grasping objects are the
ratios of GFT to GCT, and GOT to GCT:

GFT GOT
The grasp times and the measures of contact simultaneity¥&&hd GOT%) are determined by
counting the discrete time steps during the simulated grlasure phase.

In human grasping, the grasp closure phase starts duringdlcbing phase of the transport com-
ponent. The hand opening in pre-grasp posture does notrnicBuie grasp closure time (GCT).
In contrast, the grasp closure starts with the hand in grasgign in simulation. Thus, a smaller
hand opening results in a shorter GCT when grasping the shjeetowhile GFT and GOT are
unaffected. To take this effect into account, the changgsagp times are discussed below besides
analysing GFT% and GOT% for contact simultaneity.

Tables 7.3 and 7.4 show the values of the ratios GFT% and GG¥éteboptimisation and after
each optimisation step. Additionally, the finger contacategy is added, distinguishing “drag”
(finger drag) from “push” (thumb push) and “both” stratediese Section 5.1). For determination
of the finger contact strategies, theth strategy is not only assumed to be applied when GOT%
equals zero but also when the opposing forces occur in tweemutive simulation time steps.
This is necessary for considering dynamical simulatioedaff like interpenetration as described
in Section 6.1.1.

Because GFT, GCT, and GOT are not listed in Tables 7.3 anddifférences in these times
between the grasps of different optimisation steps areepted in the following, before the effects
on grasp simultaneity are analysed.

Grasping with the TUM Hand

Differences in GCT, GFT, and GOT in the case of using ilee pre-grasp compared to the
standard grasgcompare Table 7.3) are:

e Objects no. 1, 5, 7, 20: GCT and GFT are shorter because ttamcksbetween the middle
finger and the object is nearer in thew pre-grasgposture and both fingers now touch the
object simultaneously. Although GOT% is larger, GOT is équa
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no. object standard grasp new pre-grasp new target grasp
type | GFT% | GOT% || type | GFT% | GOT% || type | GFT% | GOT%
1 adhesive tape|| drag 50.0 23.1 drag 38.1 28.6 drag 38.1 33.3
2 toy propeller drag 7.9 5.3 both 5.4 2.7 drag 32.7 135
3 toy cube both 0.0 0.0 both 0.0 0.0 - - -
4 can drag 66.7 42.9 drag 50.0 42.9 drag 53.3 40.0
5 tissue pack drag 54.2 33.3 drag 42.1 36.8 drag 42.1 36.8
6 tennis ball drag 39.1 34.8 drag 33.3 28.6 drag 26.3 211
7 paper ball drag 54.5 31.8 drag 375 375 drag 41.2 235
8 sharpener drag - - drag 46.7 25.0 drag 33.3 29.2
9 | remote control|| drag 58.6 37.9 drag 47.8 43.5 drag 47.8 39.1
10 cup drag 88.9 77.8 both 0.0 0.0 drag 90.9 63.6
11 | board marker || drag 18.9 18.9 drag 18.9 18.9 drag 18.9 18.9
12 tea light drag 38.3 26.7 drag 19.6 19.6 drag 27.5 255
13 golf ball drag 42.9 40.0 drag 375 34.4 drag 355 32.3
14 matchbox drag 31.8 31.8 drag 33.3 33.3 drag 44.4 44.4
15 light bulb drag 37.9 37.9 drag 37.9 37.9 drag 41.9 41.9
16 | chocolate bar|| drag 39.2 29.4 drag 32.6 26.1 drag 35.4 33.3
17 folding rule drag 211 211 drag 14.3 14.3 drag 211 211
18 | voltage tester|| drag 18.4 18.4 drag 20.5 20.5 drag 24.4 24.4
19 eraser drag 214 21.4 drag 21.4 214 both 29 29
20 | bunch of keys|| drag 34.6 28.8 drag 30.6 30.6 drag 39.3 26.8
21 pencil drag - - drag - - drag 28.6 28.6
all mean:| 38.1 295 mean: | 31.4 28.9 mean:| 35.1 29.7
objects SD: | £21.4 | +16.1 SD: | £20.4 | £15.9 SD: +19.8 | +15.3

Table 7.3: Evaluation of TUM Hand grasp times in simulatidteadifferent steps of the optimisation
strategy. No values can be determined (“-") if the graspingédis do not touch the object
simultaneously at any time. In the case of the toy cube (6bjec3), the second optimisation
step is omitted because the thumb is not involved in the grRsu values indicataew pre-

graspsthat are used in the second optimisation step.

Objects no. 2, 6, 12, 13, 16, 17: GCT, GFT, and GOT are shorter.

Object no. 3: Thanew pre-graspposture does not differ from the standard one.

Object no. 4: GCT, GFT, and GOT are shorter, and GOT% is equal.

Object no. 9: GCT, GFT, and GOT are shorter, but GOT% is ldogeause GCT decreases
to a higher percentage than GOT.

Object no. 10: GFT and GOT are zero, but tiesv pre-grasps not applicable with the real
hand (see Section 7.1.1).

Objects no. 11, 15, 19: GCT, GFT, and GOT do not change.

Objects no. 14, 18: GCT, GFT, and GOT are slightly longer.

In general, the first optimisation step leads to a narrowadt@pening shortening the time that
the fingers require for touching the object. The result isatsh GCT, and although in most cases
GFT and GOT are shorter or do not change, the division by G&@dsl¢éo small changes in GFT%
and GOT%. Hence, the means of GFT% and GOT% over all objeatsmig be levelled down
slightly with the first optimisation step.

Nevertheless, the low dexterity of the thumb is the reason sumultaneous grasping with the
TUM Hand utilising the optimised pre-grasp can only be agtgein three cases. The thumb of
the TUM Hand possesses two less joints when comparing wétlsttadow Hand, and its closure
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movement has to be directed more parallel to instead of ttsvéire object. Thus, only when
grasping the toy propeller or the cupbath contact strategy can be achieved. The third grasp
in which the opposing forces occur simultaneously is agplidnien grasping the toy cube. This
case is an exceptional form of theth strategy because the thumb is not involved. The remaining
objects have to be dragged by the other fingers before thetisiable to touch them.

Differences in GCT, GFT, and GOT in the case of usingribe target grasp compared to the
standard graspor to thenew pre-grasgif utilised, red values in Table 7.3) are:

e Object no. 1: GCT and GFT do not change. The thumb touchedbjketslightly later, and
thus the GOT is slightly longer.

e Objects no. 2, 12, 14, 16, 18: GCT, GFT, and GOT are longer.

e Objects no. 4, 7: GCT and GOT are slightly shorter, GFT is kdhas GFT% is slightly
larger.

e Objects no. 5, 11, 15, 17: GCT, GFT, and GOT do not change.

e Objects no. 6, 13, 19: GCT, GFT, and GOT are shorter due tonakilmotion more directed
towards the object.

e Object no. 8: Although GOT% is larger, GCT, GFT, and GOT arerteh due to a thumb
motion more directed towards the object.

e Object no. 9: GCT and GFT do not change. The thumb touchestieetcslightly earlier,
and thus GOT is slightly shorter.

e Objects no. 10, 20: GFT and GCT are longer, GOT is equal, tDi§%is smaller.

When optimising the thumb opposition in the second optitigastep, grasp simultaneity is not
considered. Therefore, some optimised grasps are les$taimous, and two grasps of typeth
strategy change into tHanger dragstrategy. But in some other cases, the optimised targep gras
posture shortens the distance between thumb and objecthiaridads to shorter grasp times. In
the case of grasping the eraser, this distance was shortereegio, changing the formdinger
draginto abothstrategy. Since no object is touched by the thumb before drgr dinger touches

it, the thumb pusltontact strategy was not observed when grasping with the Hat.

The large values of GFT% and GOT% in the case of large sizeettshjlike the can or the cup,
are due to the early touch of the first finger leading to ledsmifce of GCT compared with GFT
and GOT.

Grasping with the Shadow Hand

Differences in GCT, GFT, and GOT in the case of using tile& pre-grasp compared to the
standard grasgfcompare Table 7.4) are:

e Objects no. 1, 12, 14: An optimal simultaneity of finger catsavas achieved since GFT
and GOT are zero.

e Objects no. 2, 4,5, 6, 7, 8, 16: Although GFT and GOT are noakiguzero, thenew pre-
grasprealises a "both” grasp because opposing forces occur ircbmeecutive simulation
steps (even in the case of the object no. 6).
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no. object standard grasp new pre-grasp new target grasp
type | GFT% | GOT% || type | GFT% | GOT% || type | GFT% | GOT%
1 adhesive tape|| drag 22.2 111 both 0.0 0.0 drag 8.7 8.7
2 toy propeller push 175 15.0 both 5.7 5.7 both 5.6 5.6
3 toy cube push 44.7 44.7 push 44.7 44.7 push 43.7 43.7
4 can drag 61.5 30.8 both 16.7 8.3 drag 54.5 40.9
5 tissue pack drag 36.0 16.0 both 111 5.6 drag 111 111
6 tennis ball drag 42.9 14.3 both 111 111 both 111 111
7 paper ball drag 42.9 28.6 both 14.3 7.1 both 14.3 7.1
8 sharpener both 16.2 2.7 both 3.1 3.1 both 3.1 3.1
9 | remote control|| drag 62.5 25.0 drag 21.1 15.8 drag 21.1 105
10 cup drag 61.5 61.5 both 0.0 0.0 drag 61.5 61.5
11 | board marker || drag 8.8 8.8 drag 8.8 8.8 drag 114 11.4
12 tea light push 58.2 30.9 both 0.0 0.0 push 50.0 42.3
13 golf ball drag 16.7 6.7 drag 13.8 6.9 drag 10.7 7.1
14 matchbox push 48.9 35.6 both 0.0 0.0 both 0.0 0.0
15 light bulb drag 47.2 194 drag 34.5 10.3 drag 20.8 125
16 | chocolate bar|| drag 26.1 6.5 both 10.5 2.6 both 15.0 0.0
17 folding rule drag 8.8 8.8 drag 8.8 8.8 push 53.8 53.8
18 | voltage tester|| drag 11.4 11.4 drag 114 11.4 drag 18.4 18.4
19 eraser drag 111 111 drag 111 111 push 44.4 44.4
20 | bunch of keys|| drag 18.2 6.8 drag 7.7 5.1 drag 20.0 17.8
21 pencil drag - - drag - - drag 22.7 22.7
all mean:| 33.2 19.8 mean: | 10.4 8.6 mean:| 30.8 24.7
objects SD: | £19.5 | £15.0 SD: +9.4 +7.9 SD: +18.0 | +15.1

Table 7.4: Evaluation of Shadow Hand grasp times in simagifter different steps of the optimisation
strategy. No values can be determined (“-") when the grasimgers do not touch the object
simultaneously at any time. Red values indicagsv pre-graspshat are used in the second
optimisation step.

Object no. 3. Since the new pre-grasp posture does not ditier the standard one, the
same values for GFT and GOT are assumed.

Objects no. 9, 15, 20: GCT, GFT and GOT are shorter.

Object no. 10: GFT and GOT are zero, but tiesv pre-grasps not applicable with the real
hand (see Section 7.1.2).

Objects no. 11, 17, 18, 19: GCT, GFT and GOT do not change.

Object no. 13: GCT and GFT are shorter, GOT is equal, thus G@Téasger.

The dexterity of the thumb of the Shadow Hand is much more avgat than that of the TUM

Hand. Hence, the thumb closure movement can be directed towaeds the object. The benefit
is that with the first optimisation step more simultanedustiy) grasps are realised. Although not
directly comparable, the values of GFT% and GOT% over akcijafter optimising for contact
simultaneity are similar to those found in the experimentaman grasping (see Section 5.5).
Thus, we assume that humanlike contact simultaneity isegeliin grasping with the anthropo-
morphic Shadow Hand when using the optimised pre-grasps.

Differences in GCT, GFT, and GOT in the case of usingribe target grasp compared to the

standard graspor thenew pre-grasyif utilised, red values in Table 7.4) are:

e Objects no. 1, 4, 5: GFT and GOT are longer due to a later cbofabe thumb with the
object which returns the “both” strategy into a finger dragtect strategy.
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e Object no. 2: GCT is longer, GFT and GOT do not change, thus %@nd GFT% are
smaller.

e Object no. 3: GCT, GFT, and GOT are longer, although GFT% a@d % are slightly
smaller.

e Objects no. 6, 7, 8, 10, 14: GCT, GFT, and GOT do not change.

e Object no. 9: GCT and GFT do not change, and GOT is shorter.

e Objects no. 11, 12, 17, 20: GCT, GFT, and GOT are longer.

e Objects no. 13, 15: GCT and GFT are shorter, GOT is equal,@®iE% is larger.

e Object no. 16: GCT and GFT are longer, GOT equals zero, thuB%@€quals zero too.

e Objects no. 17, 19: GCT is shorter, GOT and GFT are longer.

In general, the grasp times become longer again by optigiteiethumb opposition. But although
three optimised grasps change intthamb pustcontact strategy, six grasps still realise Hwgh
strategy. Even whentaumb puslor afinger dragstrategy is used, the optimised thumb opposition
leads to more stability and more successful grasp trialsdstrmases. But the mean values of
GFT% and GOT% over all objects are similar to those of thedsteshgrasps and do not expose
the described optimisation effects.

7.2.2 First Optimisation Step

In each case in which the grasp stability value was increhgadtilising the new pre-grasp, the
grasp evaluation with the real hand led to more successgpgtrials or full grasp success was
achieved, too. The only exception is the grasp of the cup avithof the robot hands used because
the new pre-grasp is not applicable (see below). In the cakes the first optimisation step led
to a lower stability value, the grasp evaluation with thd temnd also resulted in a lower grasp
success except when grasping the eraser. In this case ih@ergrasps of both hands are similar
to the standard pre-grasps, and also the stability valubsdiffier slightly. Thus, the greater
success in grasping with the real hands were achieved byehan

As described in Section 6.3, the purpose of the first sinadasitep is, to realise finger contact
simultaneity when grasping an object. If the thumb is abletxh a target object that is fixated in
the simulated world, this goal can be achieved. If the thusnibt able to reach the object, at least
all remaining fingers touch the object simultaneously whgplyang new pre-grasp. The target
object is less rotated while being dragged by the fingersrsvine thumb. Especially, roundish
objects like the golf ball, the tennis ball, or the tea ligre prevented from being pushed out of the
hand because the shape of the new pre-grasp posture isctiafite objects shape. Additionally,
in most cases, the object is moved less far before being etiopp the thumb. This is due to a
more flexed thumb pre-grasp posture so that the thumb ismiésitarget grasp posture when it
touches the object. Less rotational and translationalonatf the object while being grasped leads
to larger grasp stability in general.

The larger flexion of the fingers in the new pre-grasp postisielaads to a narrower hand opening
enlarging the constraints on variability in position angéentation of the real robot hand. These
constraints have been met when evaluating the optimisexpgraith the real robot hands except
in the case of grasping the cup. Even if optimal positionifighe cup would be achieved, the
new pre-grasp posture of the approaching robot hand is #redwa that at least one finger would
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stick into the cup (for detailed explanation, see Sectiohsl7and 7.1.2). The problem is the large
size and the specifically conical shape of the cup being smailits bottom than at its top. But
although the new pre-grasp posture was not applicable icabe of the cup, it was shown that the
grasp can be improved by the second optimisation step lgadifull grasp success in the case of
both real robot hands.

7.2.3 Second Optimisation Step

Optimising the thumb closure trajectory in the second ojstition step always led to a larger
grasp stabilityo. With a thumb in optimised opposition posture, the stabitidn increase by a
multiple when comparing to the stability value of the staddgrasp or that of the grasp optimised
in the first step. The reason is that the thumb provides thempayjt of the opposing force to each
force exerted by the other fingers.

The evaluation of the new target grasps applied with the maalls led to a larger number of
successful grasps or even to full success in each case. tmiyrexception, resulting in nine suc-
cessful grasp trials compared to ten after the first optitioisatep, the reasons for the incomplete
grasp trial are the variances in object position and ortemtaand the inaccuracies in the finger
control of the TUM Hand. In general, we observed that altioogntact simultaneity is not con-
sidered when optimising the target grasp, the optimiseththtarget grasp posture leads to less
rotation of the object after being touched by the thumb dugrasp closure.

In general, the optimised thumb closure trajectory leadsdontact point near the centre of mass
of the target object. In the case of grasping a flat object widss dextrous hand, like the match-
box being grasped by the TUM Hand (see Section 7.1.1), thisnapcontact point cannot be
reached. By applying the evolutionary algorithm in the secoptimisation step, however, a
thumb target posture is learned that leads to the most opéinthreachable contact point which,
in the case of the matchbox, is farther from and lower thacetdre of mass. This optimal re-
sult is hardly achievable by traditionally approaches inchlgrasp points have to be determined
in a computationally demanding way and have to be matchetdfirigertips via calculation of
inverse kinematics.

7.3 Comparison of TUM and Shadow Hand

Comparing the numbers of successful grasp trials of the Tdtthe Shadow Hand before opti-

misation (row "standard grasp” in Table 7.5) shows that thad®w Hand is able to grasp more
objects with higher reliability. This advantageous suitgbfor grasping is not expressed in the

success values after optimisation listed in Tables 7.1 abexcept in the cases of the bunch of
keys and the pencil. However, these values were determipersibg fingertip force sensors in

the case of the TUM Hand and without any sensors for touctctietein the case of the Shadow
Hand.

To compare both hands in terms of capability for grasping tangidge the influence of touch
sensors, we performed an additional experiment for evialuatf the optimised grasps with the
TUM Hand. The fingertip sensors of the TUM Hand were not @disn this experiment. In this
case, the finger controller proceeds in trying to reach ttgetayrasp posture even when the fingers
already touch the object. The resulting numbers of sucakegsdsp trials are listed as second value
in the second last column of Table 7.5.
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no. object grasp standard grasp optimised
type TUM | Shadow TUM Shadow
1 adhesive tape|| powerts 10 10 10 / 9 10
2 toy propeller || 3F speds; 10 10 10 / 10 10
3 toy cube 2F pincht, 10 10 10 / O 10
4 can powerts 10 10 10 / 2 10
5 tissue pack powerts 10 10 10 / 10 10
6 tennis ball powerts 10 7 10 / 4 10
7 paper ball powerts 9 10 10 / 10 10
8 sharpener AF prect; 8 10 10 / 10 10
9 | remote control|| powerts 8 10 10 / 10 10
10 cup powerts 9 10 10 / O 10
11 | board marker|| 2F prects 7 10 10 / 10 10
12 tea light AF prect; 6 8 10 / 3 10
13 golf ball powerts 7 6 10 / 6 9
14 matchbox AF prect; 7 6 9 /| 4 10
15 light bulb powerts 6 8 10 / O 10
16 | chocolate bar|| AF prect; 5 10 10 / 10 10
17 folding rule 2F prects 4 10 10 / 10 10
18 | voltage tester|| 2F prects 3 8 9 / 8 9
19 eraser 2F prects 4 9 10 / 10 10
20 | bunch of keys|| AF prect; 0 1 o / O 2
21 pencil 2F prects 0 0 o / O 8

Table 7.5: Number of successful grasp trials (0 to 10) outloattempts with both real hands before and
after optimisation. The second value, in the case of theropéid TUM grasps, denote the
results of the experiment in which the fingertip sensors wetauitilised.

Results of the Additional Experiment

In this additional experiment, most objects were graspeat wearly full success, but in eight
cases the grasp success decreased significantly. One thigiecannot be grasped without touch
detection is the toy cube. This object was tried to be gragpttthe index finger and the middle
finger (two finger pincht,). The combined control of the first two finger joints leads teedi-
rection of the adduction movement into a flexion or extensmmvement when both fingers touch
the toy cube. The result is the loss of the object if the fingeesnot stopped. The seven remain-
ing cases can be divided into two groups. The first group stmsf all large benchmark objects
which are touched by other phalanges besides the fingeusgdgrasp closure (objects no. 4,
6, 10, and 15). Because the index and the middle finger exeggavith their proximal or middle
phalanges that the tip of the thumb can hardly resist, in sgrasp trials the target object was
pushed out of the hand. All small objects being grasped byerti@n two fingers (objects no. 12,
13, and 14) compose the second group of objects that areuttifitcbe grasped with the TUM
Hand. These objects have to be optimally positioned undegthsping TUM hand if no force
sensors are used. But because of variances in object poaitthborientation and the inaccuracies
in the finger control of the TUM Hand, these objects are losioime cases.

Advantageous of the Shadow Hand

The results of the additional experiment lead to the adgmstaf the Shadow Hand compared to
the TUM Hand. Although no touch sensors were used in the dage &hadow Hand too, most
objects were grasped with more success when grasping wikhi fact can be explained by two
main reasons. The first one is the dexterity and the shapesdhtimb. Because the shape of the
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Shadow thumb is much more anthropomorphic while possessimgnore joints compared to the
thumb of the TUM Hand, it can be optimally opposed to the offregers. Opposing forces can
be better resisted not only by the tip of the thumb but alsatbyniddle phalanx. Secondly, the
Shadow Hand has two more fingers which realise a cage-likesme of the object in a power
grasp or an all finger precision grasp. Hence, larger vagsmint object position and orientation
relative to the Shadow Hand being in grasp position can leedtdd when grasping small objects.

Additionally, more grasping fingers lead to more contachfgand thus more forces with different
directions are exerted on large objects.
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8 Conclusions

This thesis presented a complete line of biologically naitd approaches for providing robot
hands with grasping capabilities. These approaches ceengrgrasp synthesis, a grasp strategy,
and a grasp taxonomy.

The grasp types defined by the taxonomy are fairly easy tiseead a robot hand setup when
following the development rules we propose. Our approadradsp synthesis stresses the target
grasp posture providing the opportunity for optimising thalised grasp types for finger closure
trajectories. Besides optimising the target grasp, thamigdtion strategy we propose optimises
the pre-grasp posture for contact simultaneity and is antigted by an experiment on human

grasping.

By implementing the grasp strategy and the optimisatioatetyy on one robot hand setup and
porting these strategies into the second setup, we showethdse strategies are realisable on and
portable among totally different robot systems includimghaopomorphic robot hands with dif-
ferent numbers of fingers. The strategies proposed aretrabamst limited positioning accuracy
of the finger joints and uncertainties about object positind orientation.

In this final chapter, we summarise conclusions about thenigation strategy and provide an
outlook on potential improvements.

Optimisation Strategy

Optimising in simulation leads to additional inaccurade® to limitations of the simulator. Nev-
ertheless, the evaluation of the optimisation strategwskidhat the pre-grasp postures and target
grasp postures optimised in simulation result in highesjgistability and in more successful grasp
trials when applied with the real hands. Except for objdus &re difficult to grasp (bunch of keys
and pencil), nearly all trials of grasping a benchmark ahbjéth any of both robot hands used was
successful when applying the combined results of both agdition steps.

The first optimisation step results in larger stability \dw@and more grasp success in many cases.
But optimising a two finger precision grasp did not lead totaohsimultaneity in any case. The
reason is that the thumb closure trajectory ends befordtogthe object. The index finger has to
drag the target object towards the thumb and this fact camotfluenced by the first optimisation
step. In the case of other grasp types, more fingers are gtv@lwd even if the thumb cannot touch
the target object at the same point in time as the other fingelsast these fingers touch the object
simultaneously. This leads to a larger grasp stability irshoases. Nevertheless, it was shown
that if the stability can be enhanced the new pre-grasp tialdgifor grasping with the real hand.

The second optimisation step optimised the thumb trajgciod led to a larger grasp stability

in any case. The thumb opposition is very important for ssisfte grasping since the thumb is

mostly responsible for resisting the forces exerted bytakiofingers. The evolutionary algorithm

applied for learning the thumb joint angle values has prdwvdre a very suitable and fast learning
method for this task. The evaluation of the optimised taggasps indicated that the results of the
second optimisation step determined in simulation leadgptonal grasps when applied with the

real hands in every case.
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Outlook

Two objects of the benchmark system we propose are hard t@bpegl with the robot hands used.
One of these objects is the pencil. After optimising the d&ad grasp for grasping this object, at
least the dextrous Shadow Hand was able to grasp the pewrciéssfully. But in the case of
the TUM Hand, successful grasping was only possible aftaraging the object 4mm above the
desktop surface. The reason is a remaining gap betweenuhdisb tips of the thumb and the
index finger in target grasp posture. To close this gap a dgrasped like a straight-tip tweezers
is required. But this implies a less distance between tha paid the object and thus a different
position of the hand. We suppose that a suitable grasp cagalisad by optimising the standard
two finger pinch grasp for the height of the palm and the flexdbrthe fingers. To this end,
five interdependent parameters have to tuned. For consiférese parameters, the optimisation
strategy is easily expandable, and we assume that the ievaly algorithm we propose is suitable
for finding an optimal solution in this five-dimensional spac

Solving the task of grasping the second object, the buncleysd,lkwvith a robot hand is even more
difficult. Only a few grasps trials with the Shadow Hand wemecgssful. The arrangement of
the keys during grasp closure is not predictable, and in wexsts the grasping fingers slip over
the plain surface of a key. But we assume that this kind ofailjan be grasped successfully
by realising a humanlike grasping process in which the fiiygeiglide over the desktop while
aligning the keys. For this purpose, a real-time force abmf the finger joints has to be realised
preferably supported by a force control of the robot arm thusting the position and orientation
of the palm. Furthermore, sensors for slip detection in thgefitips would be beneficial. Be-
sides the development and the implementation of the sersguired and the realisation of force
controllers, optimising the finger trajectories under éhesnditions leaves much room for future
work.



A Joint Values

The appendix presents tables listing joint angle valuehefrobot hands used. Values of the
standard grasps are given in Section A.1. Section A.2 pteslea tables listing the values of the
optimised grasps and the gene bounds used for the seconugsgiibn step.

A.1 Standard Grasps

grasp type thumb index finger || middle finger
t O1 | 02| 03 || 04 ] 605 | 66 || 07 | 0s | O
pre-grasp
all finger precisiort; 0Ol 0] O 0| 0] O 0| 0] O
two finger precisiort, || 4 | 12| 18| 0 |12 20| 0 | O | O
powerts 101624 0| 0O |19 O | O |19
two finger pincht, Ol 0] O 8| 3|]0¢Y-8|3]O0
three finger speciak 0Ol 0] O 8| 3]0¢Y-8|3]0

all finger precisiort; 2 |42| 4 || -5|146| 22| 5| 48] 23
two finger precisiort, || 6 | 38| 0 04625 0| 0| O
powerts 10|28 24| 0 |30|43| -2|32|44
two finger pincht, o/0|0}|-7,3]|O0 71310
three finger speciak 0O |46| O 213032 5|30 32

Table A.1: Joint angle values of the TUM Hand standard grasgegrees.
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thumb index finger middle finger ring finger little finger palm
grasp type 01 | 02 | 03| 0s | 05 || 06 | 07 | Os || 0o | 010 | 011 || 012 | us | 01 || 015 | 16 | a7 || bis
pre-grasp

all finger precisiort, 10 [ 53| 0| 8 | 25 0| 0] 19 0 0 19 0 0 19 0 0 19 0
two finger precisiort, || -5 | 55| 0 | 10| O 012|200 O 0 0 0 0 0 0 0 0 0
powerts 10 | 54| 0| 8 | 45| 0| 0|19 O 0 | 19 0 0 | 19 0 0 | 19 0

two finger pincht, 16 | 15| 0 | 5 5 -2 16575 O 0 0 0 0 0 0 0 0 0
three finger speciak 0 00| O 0 200 3 | 0|l -20| 3 0 171 0 0 15| 0 0 0

target grasp

all finger precisiort; || -23| 73| 0 | 16|-10| 20| 81|12} 6 | 81 | 13| -12| 82 | 13| -20| 82 | 14 5
two finger precisiorts || -21 | 63| 0 | 10 | -9 0 |65|20( O 0 0 0 0 0 0 0 0 0
powerts 25|77 0 |16| 20 || O | 55|40 O | 55| 40 0 | 55| 40 0 | 55| 40 0

two finger pincht, 15119 0 | 28| 26 || 2 | 65|75 O 0 0 0 0 0 0 0 0 0
three finger speciak || -20| 60| O | 12| -7 || 20| 65| 20| -20| 65| 20 || -17| 30 | 32 || -15| 30 | 32 0

Table A.2: Joint angle values of the Shadow Hand standaspgria degrees.
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A.2 Optimised Grasps

gene || AF prect; || 2F prects || powerts || 2F pinchty || 3F sped;
bounds 01 | 02 01 | ) 01 |92 01 | ) 01 | )

TUM Hand
lower -4 20 || -10| 15 || ‘12| 6 - - -10| 15
upper || 12 | 50 12 | 45 12 | 35| - - 12 | 50
Shadow Hand

lower || -30| 55 || -30| 50 || -30 | 50 || -15| 10 -35| 45
upper 0 85 || -15| 70 0 | 85] 35| 40 -5 | 85

Table A.3: Gene bounds(= 6;; i2 = 6-) for optimising the target grasps of the TUM Hand and the
Shadow Hand with the evolutionary algorithm. Values aregin degrees.

after optimisation stepne two
object grasp thumb index finger middle finger thumb
type 01 02 03 64 05 O 0z | 0Os B9 1 02
adhesive tape| t3 10.0| 18.7| 24.0|| 0.0 | 0.0 | 19.0|| -0.3 | 3.4 | 23.0|| 11.2 | 28.1
toy propeller ts 00 | 127| 00 || 80| 3.0 | 00 || -74| 41| 24 85 | 39.7

toy cube t4 00| 00| 00| 80| 30| 00| -80| 30| 0.0 - -
can t3 10.0| 206 | 24.0|| 0.0 | 0.0 | 190 -0.4 | 54 | 26.4 || -10.7| 15.2
tissue pack t3 10.0| 199 | 24.0|{ 0.0 | 0.0 | 190 -0.3 | 3.4 | 23.9 93 | 248
tennis ball t3 100 | 186 | 240|| 0.0 | 0.0 | 19.0|| -0.3 | 24| 223 6.9 | 29.0
paper ball t3 10.0| 194 | 24.0|{ 0.0 | 0.0 | 190 -0.2 | 3.4 | 23.9 9.0 | 283

sharpener t1 0.4 9.2 0.0 0.0| 0.0 0.0 04 | 41| 0.0 -1.3 | 41.0
remote control| t3 10.0| 20.5| 2401 0.0 | 0.0 | 190 -0.3 | 4.1 | 24.8 10.0 | 25.0

cup t3 10.0| 23.4| 240|{ 00| 0.0 | 190 -0.4 | 3.0 | 23.3 || 11.1 | 294
board marker | ¢ 45 | 164 | 180 0.0 | 120| 200 0.0 | 0.0 | 0.0 6.0 | 33.0
tea light t1 04 | 79 | 00| 00| 00| 0.0 03 | 36| 0.0 5 36.4
golf ball t3 10.0| 16.0 | 24.0|{ 0.0 | 0.0 | 190 -0.4 | 3.8 | 241 9.3 | 32.7
matchbox t 05| 92| 00| 00| 00| 0.0 05| 48| 00 86 | 351
light bulb t3 100 17.1| 240|, 00| 00 | 190 0.0 | 0.0 | 19.0|] 11.1 | 253

chocolate bar| ¢ 05| 92| 00| 00| 00| 0.0 06 | 54| 0.0 5.2 | 39.9
folding rule to 45 | 16.4| 18.0|| 0.0 | 12.0| 20.0|| 0.0 | 0.0 | 0.0 6.5 | 311
voltage tester | s 45 | 17.1| 180 0.0 | 12.0| 200 0.0 | 0.0 | 0.0 7.1 | 30.1

eraser to 44 | 17.1| 1804 0.0 | 120| 200 0.0 | 0.0 | 0.0 -55 | 40.1
bunch of keys | ¢ 05| 98| 00| 00| 00| 0.0 06 | 54| 00 19 | 415
pencil to 57 1 337| 00 || 00| 120| 20.0|| 0.0 | 0.0| 0.0 3.7 | 30.6

Table A.4: Joint angle values of the TUM Hand optimised fagping the benchmark objects. All joint
angles of the pre-grasp are optimised in optimisation step The first two thumb angles of
the target grasp are optimised in optimisation step.
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after optimisation stepne two
object grasp thumb index finger middle finger ring finger little finger palm thumb
type 01 | 02 | 03 | 04 | Os s | 07 | Os 0o | 010 | 011 012 | 013 | 014 015 | 016 | 017 b1s 2! | 02

adhesive tape| ts3 3.7 | 583]00| 83 |435| 01 | 39 | 19.7 0.0 0.0 | 19.0| 0.0 23 | 194 0.0 | 10.0| 210} 0.0 -19.1| 73.3
toy propeller ts 00| 00|00| OO | 00O || 200| 68| 0.7 || -200| 9.7 | 1.3 || -17.0| 30.0| 9.5 || -15.0| 30.0| 95 0.0 -20.1 | 59.4
toy cube ta 16.0| 15.0| 0.0| 50 | 5.0 || -2.0 | 65.0| 75.0|| 0.0 0.0 | 0.0 0.0 0.0 | 0.0 0.0 0.0 | 0.0 0.0 19.6 | 20.1
can t3 -9.7 1672 00| 90 | 409| 0.0 | 00 | 19.0 0.0 6.6 | 204 || 0.0 8.0 | 20.6 0.0 9.8 | 209|| 0.0 -149 | 79.1
tissue pack t3 251|624 00| 86 | 423}|| 0.0 | 0.0 | 19.0 0.0 6.5 | 20.1 0.0 7.9 | 2041 0.0 8.1 | 204 0.0 -24.3 | 78.9
tennis ball t3 0.3 | 606| 00| 84 | 429 | 0.2 | 82 | 20.6 0.0 0.0 | 19.0|| 0.0 0.0 | 19.0|| 0.0 | 129 | 216 | 0.0 -27.2 | 78.1
paper ball t3 -40| 634 00| 87 | 420 0.0 | 0.0 | 19.0 0.0 3.7 | 19.8 0.0 6.5 | 20.3 0.0 6.9 | 204 || 0.0 -23.9| 74.8
sharpener t1 10.1| 53.0| 0.0 | 8.0 | 24.7|| 3.7 | 142 | 19.0|| 0.0 0.0 | 19.0| 0.9 52 | 19.0|| -105| 43.2| 14.0|| 29 -20.2 | 67.3
remote control| t3 3.0 | 586| 00| 84 | 435| 00| 00 | 190 0.0 8.0 | 20.5 0.0 | 109 21.0|| 00 | 125| 21.3| 0.0 -25.8 | 735
cup t3 -82|663| 00| 90 | 41.2| 0.0 | 3.7 | 198 0.0 0.0 | 19.0| 0.0 0.0 | 19.0| 0.0 7.1 ] 2041 0.0 -15.0 | 67.8
board marker | 2 -5.0 | 55.0| 0.0 | 10.0| -0.4 || 0.0 | 12.0| 20.0| 0.0 0.0 | 0.0 0.0 0.0 | 0.0 0.0 0.0 | 0.0 0.0 -19.2 | 62.0
tea light t1 10.0| 53.0| 0.0| 80 | 25.0| 83 | 32.8| 18.2 17 | 225|188 || -46 | 31.7| 13.0|| -7.7 | 31.7| 140 2.2 -24.8 | 76.8
golf ball t3 9.2 | 546 | 00| 82 | 444 0.0 | 143 | 218 0.0 0.0 | 19.0|| 0.0 0.0 | 19.0|] 0.0 | 205| 27.0| 0.0 -27.0| 775
matchbox t1 10.0| 53.0| 0.0 | 8.0 | 25.0|| 5.0 | 20.0| 18.2 17 | 226 | 189 | -3.8 | 25.4| 18.8|| -12.3| 50.3 | 19.0|| 2.8 -25.1| 74.3
light bulb t3 3.0 | 588| 00| 84 | 435| 00 | 51 | 19.9 0.0 8.0 | 20.5 0.0 3.7 | 19.7 0.0 0.0 | 19.0|| 0.0 -28.1 | 73.8
chocolate bar| ¢, 10.1| 53.1| 0.0| 80 | 247 0.0 | 0.0 | 19.0|| 0.6 8.0 | 188 -1.7 | 10.8| 188 | -1.7 | 6.7 | 18.8|| 0.0 -22.9 | 76.0
folding rule ta -48 5511 00| 99| -04 | 0.0 | 120| 200 0.0 0.0 | 0.0 0.0 0. 0.0 0.0 0.0 | 0.0 0.0 -30.0 | 51.7
voltage tester |t -48 | 551|00| 99 | -02| 0.0 | 120| 20.0|| 0.0 0.0 | 0.0 0.0 0. 0.0 0.0 0.0 | 0.0 0.0 -19.3 | 63.9
eraser ta -49 | 55.0| 0.0 | 10.0| 0.0 0.0 | 12.0| 20.0|| 0.0 0.0 | 0.0 0.0 0. 0.0 0.0 0.0 | 0.0 0.0 -27.3 | 53.2
bunch of keys | ¢ 10.2 | 53.0| 0.0| 8.0 | 244 00 | 0.0 | 19.0|| 0.6 8.0 | 18.8|| -1.7 | 10.8 | 18.8 || -12.2 | 50.4 | 140 | 3.4 -22.0| 755
pencil ta -5.0 | 55.0| 0.0 | 10.0| 0.0 0.0 | 12.0| 20.0|| 0.0 0.0 | 0.0 0.0 0. 0.0 0.0 0.0 | 0.0 0.0 -23.1 | 61.9

The first two thumb angles of the target grasp are optimisegimisation stepwo.

Table A.5: Joint angle values of the Shadow Hand optimisedfasping the benchmark objects. All joint angles of thegnasp are optimised in optimisation steipe.
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Glossary

approach distanced Distance between the pre-grasp position and the graspgrgsit

both strategy A contact strategy in which the first contacts with the obggetmade by the thumb
and any opposing finger simultaneously,

contact simultaneity The grasping fingers touch an object at the same point in time,

contact strategy Determines the chronological sequence of opposing fingetacts with the
object during grasp closure. Three different contact esjiat are defined: both strategy,
finger drag strategy, and thumb push strategy,

default grasp Grasp before applying the optimisation strategy (simildefault pre-graspand
default target grasp

DOF degree (or degrees) of freedom,

finger drag strategy A contact strategy in which any finger except the thumb tosi¢the object
first,

GOT% Grasp forming time in percentage of grasp closure time,
GOT% Grasp opposing time in percentage of grasp closure time,

graspg A graspg identifies a pre-grasp, a target grasp, an orientatioa positionp, and an
approach distance,

grasp closure time (GCT) Time between the points of peak hand opening and when the last
finger touches target object,

grasp forming time (GFT) Time between the points when the first and the last graspiiggffin
touches the target object,

grasp opposing time (GOT) Time between the points when the first finger and the first dpgos
finger touches the target object,

grasp position Position of the hand for grasp closure, determined by mosgi and associated
orientationo,

grasp posture Pre-grasp posture or target grasp posture,
grasp strategy Sequence of steps to apply a grasp as defined in Section 2.2.4,

grasp typet The grasp type defines the number of grasping fingers and qualitativelyraeies
the target touch areas of the hand. The requirements on ty@sg; to ¢, are described
in Section 2.3.2. Toealisea grasp type means: to define a grasp in a robot hand setup that
fulfils the requirements,

grasping / to grasp / to apply a grasp Execution of the grasp strategy,

grasping finger Finger that is expected to touch the target object when thspgs applied,



144 Bibliography

grip posture Posture a hand adopts at the end of the grasp closure whemdeesfitouch the
target object,

hand frame H As defined in Section 3.2.2,

new grasp Grasp after applying the optimisation strategy (simitaw pre-gras@ndnew target
grasp,

object zero-frame O, As defined in Section 3.2.2,

orientation o Rotation vectoro = (~, ﬁ,a)‘l between object zero-fram@, and robot hand
frame H determining the orientation of the hand in pre-grasp pasidnd in gras position,

position p Translation vectop = (z,y, z)_l between object zero-fram@, and hand frame{
determining the grasp position,

pre-grasp Set of joint angles to pre-shape the hand before the targepds applied. Tapplya
pre-grasp means that the joint angles are actuated by tbeahd controller,

pre-grasp position Position to be approached by the hand, before it is movedetgithsp posi-
tion when being in pre-grasp posture,

pre-grasp posture Posture a hand adopts when applying the pre-grasp,

standard grasp A standard grasps a grasyy that fulfils the requirements of a grasp typand
is realised on a robot hand setup in a developmental prosedssaribed in Section 3.2.3,

target grasp Set of hand joint angles for taking hold of an object.afiply a target grasp means
that the joint angles are actuated by the robot hand coatroll

target grasp posture Posture a hand adopts when executing the target grasp whkmg ob-
structed by an object,

thumb push strategy A contact strategy in which the thumb touches the objectreeday other
finger,

time frame ¢, Contacts are considered to be simultaneous if they occutinmesframe specified
byty,



