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Abstract—Teleoperating a robotic hand with the aid of a operator movements. Nevertheless, two particular probleim
sensorized glove presents some particular problems. One ¢ thjs approach are:
problem is due to the kinematic differences between the hunra
hand and the robotic hand, which do not allow a simple direct ~ « identification of the configurations of the human hand,
mapping of the sensor readings from the glove to the robotic  « proper imitation of these configurations with the robotic
hand. This problem is addressed with different types of mapmg, hand.
but none of them is of general use. This paper proposes two
new mappings within two existing mapping types, as well as  The first of these problems has been mainly addressed using
a new hybrid mapping that combines the best features of these 3 vision system or a sensorized glove to identify the human

existing mapping types. This hybrid mapping allows intuitive free hand configurations. Vision systems are used in application
space movements (where the gesture is more important than ¢h ) . . .
precise positions of the fingers) and grasp movements (where Were t.he gestu.re of the hand trgnsmns relevant mformat.lon
the precise positions of the fingers is more important than te  as for instance in hand gesture/sign languages, compuiges in
gesture), despite kinematic differences between the humamnd faces and computer games. Representative works in this line
and the robotic hand. The approach has been implemented and are applied to identify orders for an interactive systeningis
some illustrative examples are presented in the paper. motion patterns and Petri nets [2], stereo vision [3], ofyma

Index Terms—Teleoperation, Grasping, Robotic Hands, Sen- ing the contour of the hand [4]. Hand pose recognition using

sorized Gloves, Fuzzy Systems. vision was also applied to command an industrial robot ajm [5
as well as to command a mechanical hand [6]. Nevertheless,
I. INTRODUCTION the use of vision in most of the robotic applications regalire

) _the addition of special marks on the hand to facilitate theepo
T ELEOPERATION of complex devices has advanced siggenyification, and has the disadvantage that visual oimigs
nificantly in the last years, both from the point of view, e qyite frequent during the hand movements. A sensorized
of technological developments that allows commumcaﬂor@&ove was also used to identify hand signals, for instanaegus
and exchange of information with higher velocity, as well aSq,ral nets and fuzzy rules [7] and a graph matching ap-
from t.he poin'g of view of algorithm developments to Proces§yoach [8], to identify hand poses using Principal Componen
such information and properly control the system. A detiléy4\ysis and discriminant functions [9], to teleoperatbatic
review of the state of the art in teleoperation together W"ﬁhthropomorphic [10] and non-anthropomorphic [11] hands,
a description of the involved problems and the main curregh, 1, exract information about how the humans perform
applications can be found in [1]. Nevertheless, despitseh rasping actions [12] [13]. The problem was also addressed
advances, some applications have particular problems thathe scope of programming by demonstration, for instance
still need ‘more practical squtlpns, su_ch as in the case l‘j’ging neural nets [14] or a nearest neighbor algorithm and
teleoperation of anthropomorphic robotic hands. some patterns defined by a training session [15]. Another
Teleoperation of an anthropomorphic robotic hand-arm Syggeresting approach to identify hand postures is based on
tem requires the coordinated movement of all hand and affy measurements of electromyogram signals (EMG) from the

joints to perform a given task. Talking only about the handy earm [16] [17], with the main application of commanding
this implies commanding a number of degrees of freediof) ( prosthetic hands.

gsually ranging from 12 (case of hands with 4 fingers .With 3 The second problem does not have yet a general solution.
m_depe_ndendof each one) to 25 (case of han_d_s W'th.s flngerI§ven when the anthropomorphic robotic hand has the same
with 4 md_ependemiofea_ch one plus one add_ltlordxbf_m the structure of the human hand, an exact copy of the joint
palm). This means that itis very hard, if not impossible, or angles of the human hand will result in different relative

human being to generate the setpoint of each joint working Hz)sitions of the fingertips due to the kinematic differences

such a high dimensional joint space. Thus the more imum\ﬁeetween them. This means that it is highly probable that, if

\rl]vs%;z dhoarlwt dls f;/ ?J(r?rfu“tr;]?st?ﬁfgﬁsgggr‘”}2V§(r)nrﬁgtiv\;v'th :}ae human operator performs a precision grasp of an object,
rocessin it’ o Eomm%nd the robotic hand to emulzz\/'ée ¢ e robotic hand would fail to reproduce it in this way. This
P 9 foblem can be partially reduced by providing the operator
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hand mounted on the robot arm, the following three mapping
methods were presented in the literature (pionering wdtR$ [
[19] and more recently [20]):

« Joint-to-joint mappingEach joint of the glove is directly
associated with a joint of the mechanical hand. Advan-
tage: simplicity. Disadvantage: problems due to differ-
ences in the relative positions of the fingers in the human
hand with respect to the mechanical hand, due largely to
the differences in the kinematic parameters. E.g.: [13],
where this mapping is used to obtain a simplified model
of the joint space (13-dimensional) of a 4-fingered robotic
hand for hand motion planning applications.

o Pose mappingA particular pose of the hand is asso-
ciated with a predefined pose of the mechanical hand.
Advantage: the pose of the mechanical hand can be
preprogrammed. Disadvantage: the pose of the human
hand must be properly identified, and the equivalent
pose of the mechanical hand must be properly choosen.
E.g.: [21], where a set of 23 poses of the human and
robotic hands are associated, and from which a linear

d Name Label
0  thumb base joint JE
1  thumb abduction joint JT
2 thumb proximal-flexion joint JE
3 thumb medium-flexion joint ;7
4 index abduction joint A
5
6
7
8
9

index proximal-flexion joint JL
index medium-flexion joint ;I
middle abduction joint N
middle proximal-flexion joint JM
middle medium-flexion joint  yM

transformation is obtained to map other poses (the size 10  ring abduction joint R
of the set of associate poses is constrained by the number 11  ring proximal-flexion joint IR
of joints of the robotic hand and the number of measured 12 ring medium-flexion joint JE

joints in the operator’s hand).
« Point-to-point mappingThe position of a particular point Fig. 1.  The anthropomorphic mechanical hand SAH and joilrelis

in each fingertip is replicated by a predefined poiﬁ'ﬂe supraindices indicate the corresponding fingers (Tmithul=Index,

in the corresponding fingertip of the mechanical han :,lﬁ\\/lblgﬂI(iioann,dPS;Ir?(;Qi?T)‘Ia?r{]:\idSLIi/tIJ;nl\?gﬁin’tIr)].e correspondingtyo=Base,
Advantage: the relative positions of the mechanical hand
fingertips are more precisely defined. Disadvantage: it
is necessary to solve the inverse kinematics of the mend power grasps but it is still unprecise and difficult to use
chanical hand, which may be a time-consuming operfor precision grasps. This mapping is described in detail in
tion. E.g.: [10], where the direct kinematics is used tSection Ill.
determine a point of the operator fingertips based onThe new pose mapping developed uses fuzzy logic [24] to
the glove information and then the inverse kinematiddentify some poses of the human hand, and associates them
is used to obtain the corresponding configuration of agith predefined poses of the mechanical hand, allowing preci
anthropomorphic robotic hand. sion grasps to be performed according to the human operator

Dealing with these problems, this work proposes an apiovements. We refer to it #szzy-based pose mappirgnd

proach that uses the information obtained from a sensoriZb# described in detail in Section IV. _
glove to command a four-finger robotic hand. The experimen- € joint-space mapping and the fuzzy-based pose mapping
tal hardware is detailed in Section II. are then merged into a single system, which we bgbrid

The proposed approach merges the first two types g@pping In this system, joint space m_apping is. contin.uously
mapping to obtain an hybrid mapping that can be used %ecuted until the fuzzy system identifies apartlculargr@
command hand movements in the free space as well as koPe of the human hand and the corresponding predefined pose

an assisted guidance to perform a grasp in an intuitive W(,J:lilexecuted in the mechanical hand. This mapping is destribe

This is valid for power grasps, where stability and secuaity SeCt'or_' V. . .

predominant with little or null ability to impart motions thi In Section V1, some gxamplles are given to illustrate the_ re-

the fingers (they are distinguished by large areas of contib‘éts of approach, and finally, in Section VI, some condosi

between the grasped object and the fingers and palm), as \ﬁ@ﬁj future work are presented.

as for precision grasps, where sensitivity and dexterigy ar

predominant (in general the object is held with the tips @f th Il. EXPERIMENTAL SET-UP

fingers and thumb) [22], [23]. The experimental set-up used in this work involves: a) an
The new joint-to-joint mapping developed takes into ac¢ougnthropomorphic mechanical hand, b) an industrial robog, ¢

the differences between the human hand and the mechang&fisorized glove, d) a wrist tracker, e) a hand/robot sitaula

hand to try to minimize the disadvantage of this type dfonnected with the real elements. The main relevant details

mapping while preserving the mapping simplicity. As it i¢bout these elements are:

not exactly a one-to-one mappings we refer to itjeisit- a) Anthropomorphic mechanical hantVe use the Schunk

space mappinglt is able to reproduce free hand movements  Anthropomorphic Hand (SAH) [25], shown in Fig. 1,



Fig. 2. Industrial robot Staubli TX 90 with the mechanicand SAH.
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[d. Name label
palm arc sensor unused
Palm sensor unused
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¢ thumb base sensor ST

d  thumb-index abduction sensor g77
e thumb medium-flexion sensor g7,

f  thumb distal-flexion sensor sT

g index proximal-flexion sensor sk

h index medium-flexion sensor g,

i index distal-flexion sensor st

j index-middle abduction sensor gIM
k  middle proximal-flexion sensor g
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which is based on the DLR hand [26]. It has four iden-
tical fingers with four joints each one (called abduction,
proximal flexion, medium flexion and distal flexion), and
one of them is prepared to act as the opposing thumb
and it is equipped with an additional joint (called thumb-
base joint), that moves the whole thumb with respect to
the palm. In all the fingers the distal and medium flexion
joints are mechanically coupled, thus there are a total of
17 joints with only 13 independeraiof.

Industrial robot. The hand is assembled on an industrial

robot Staubli TX-90, as shown in Fig. 2. It is a generdfig- 3. Sensorized glove used to capture the operator hamkspace and
purpose sixdof robot arm. sensor labels, the supraindices indicate the correspgrfiigers (T:Thumb,

- . I=Index, M=Middle, R=Ring and L=Little) and subindices therresponding
Sensorized glovéVe use a sensorized glove CyberGloveensorized joints (B=Base, A=Abduction, P=Proximal and\iédium).

(shown in Fig. 3). It is a fully instrumented glove
that provides 22 joint-angle measurements using resistive )
bendsensing technology, including three flexion sensors With the human operator hand movements captured with

per finger, four abduction sensors between the fingers, a the sensorized glove (Fig.5); and on-line visualization
palm-arc sensor, and two sensors to measure the flexion ©Of the robot movements associated to the movements of

and the abduction of the wrist. the human operator wrist, which are captured using the

Tracker. The magnetic wrist tracker with siotof Flock of tracker.

Birds from Ascension Technology Corporation is used to

capture the position and orientation of the user wrist with 1. JOINT SPACE MAPPING

respect to a global reference frame, allowing a mappingThe joint space mapping introduced in this work is an
of the displacements of the user arm to the robot arm (tB&8hanced version of the simple joint-to-joint mapping ap-
description of this mapping is outside the scope of throach, designed to minimize the differences in the retativ
work). positions of the fingertips of the human hand and those of
Hand and robot simulatorA simulation tool has been the mechanical hand due to the differences in the kinematic
programmed in our lab that allows: planning and sinstructure and parameters. The main adjustments introcareed
ulation of collision-free paths of the hand-arm systerdue to the following reasons:

[27](Fig. 4); control and calibration of input devices o The kinematic parameters and joint range of motion of
(glove and tracker); commanding of output devices (the the human hand and the mechanical hand are different.
robot and the mechanical hand); on-line graphical visu- « The kinematic structures differ largely in the palm, which
alization of the mechanical hand movements associated is rigid in the SAH hand, and flexible in the human

middle medium-flexion sensor g
middle distal-flexion sensor sM
middle-ring abduction sensor ~ gA/R
ring proximal-flexion sensor SE
ring medium-flexion sensor sk

ring distal-flexion sensor SR

middle-little abduction sensor | nused
little proximal-flexion sensor  nused
littte medium-flexion sensor unused
little distal-flexion sensor unused




Algorithm 1 FlexionMapping
Require: S3, Sy ShH
Ensure: Jg, Jj,

P =nor n(S})

M = nor m(S3,)

D = nor n(S})

Jy =scal e(P)

Ji =scale((M+ D)/2)

where Sat(x) is a saturation function such th&ut(z) = 0

if <0, Sat(x) =11if x > 1 and Sat(z) = = otherwise.
This normalization permits better use of glove sensors mea-
surement ranges, with the saturation function limitingstno
few cases in which the actual sensed value lies outside the
range[zmin, Tmaz)-

The SAH hand has divergences between the minimum and
maximum joint values provided by the manufacturer and the
actual values obtained experimentally,.(, and y,,q.), that
result in a smaller range. Therefore the measured values are
the limits used to obtain scaled values from normalized:data

scal e(y) = Ymin + y(ymam - ymin) 0<y<I1

The functionsnor mandscal e are used in the mapping
algorithms detailed in the following subsections.

B. Flexion joints

The distal and medium joints of the SAH hand are me-
chanically coupled. This fact does not imply a loss of hand

R T

Fig. 5. Human hand with the sensorized glove connected tontéhehanical anthropomorphlsm, as these phalangeal ]Olnts are alsa ofte

hand simulator used in the data acquisition procedure. .
. P coupled in the human hand. Many people are unable to move

the distal jointindependently from the medium joint in atce

hand. This structural difference mainly affects thumBf constraints. o _
movements. Algorithm 1 takes this into account when mapping the

« The sensors of the glove cannot be clearly mapped figxion joint values from the _glove to t_he joints of the S.AH
joints in the mechanical hand (there are 22 sensors in thand. The character “*” used in the variables of the Algarith
glove and only 13 independent joints in the mechanicgiands for any of the letters I, M or R that refer, respecyivel
hand). This discrepancy is particularly important in th& the index, the middle and the ring fingers. The thumb is
abduction joints, and in the distal and middle flexior€ated separately in Section llI-D.
joints that are coupled in the SAH hand.

The following subsections explain how these problems afe Abduction joints

treated for the different finger joints, in order to minimize The dataglove does not give an absolute abduction measure-
their effect and obtain a better mapping. The nomenclatufgent, but merely the angle between two consecutive fingers.
used for the joints of the mechanical hand and for the sensaisis is considered in Algorithm 2, based on experimental

of the glove is presented in Fig. 1 and 3, respectively. observation of the human hand when performing abduction
movements and corresponding sensor readings. Its main fea-
A. Joint limits tures are the weighted distribution of the sensor valuesdat

All dataglove sensor values have a range between 0 dh§ abduction joints (illustrated in Fig. 6), and the saiora
255. These values are conservative and cover the real mofidicduced to avoid collisions. This saturation is implertee
of the human hand (i.e. the real ranges obtained when #&ing @ thresholg: that limits the amount that the index and
user wears the glove are always smaller). For this reasen, f[i'9 fingers can move depending on the position of the middle
minimum and maximum actual values,(;, andz,,.,) are finger.
obtained experimentally by capturing the values obtaingd b
different users performing motions covering the whole harld. Thumb finger
workspace. The experimental range of the dataglove sensorghe thumb and the other fingers of the SAH hand are
are used to obtain normalized values from real data: identical, which is not the case in the human hand. For this
nor mz) = Sat ( T — Tonin ) 1) reason, the thumb must be treated in a different way, as has
been done in the mappings proposed for the thumb detailed

Tmax — Lmin



Algorithm 3 ThumbFlexionMapping

Require: ST, S5, %
Ensure: J%, Ji,

M = nor n(S;,

D =nor n(S})

A = nor m(s%’)

JE =scal e(A)

JL =scale((M+D)2)

Algorithm 4 ThumbBaseAbductionMapping

wi wm owr Require: SE
Ensure: J%, J47
T = nor n(S})
if T < 0.5then
JE =minLi m t Joi nt Val ue(J3)
else
JEL = scal e((T-0.5)/0.5)
end if
JE! =scal e(T)

Fig. 6.  Abduction mapping«f; = 61, wm = 0.5 + (62 — 61)/2 and
wr =1 —63).

is to establish a predefined relation between the grasp being
executed by the operator (measured with the sensorized)glov
and the mechanical hand, i.e. a pose mapping, as described

Algorithm 2 AbductionMapping

Require: si{M, sy i
w: threshold value

Ensure: J%, J3, JR in paper introduction. One of the main difficulties in a pose
61 = nor H(S%;V;) mapping is related with the variability of the user hand |gpse
f}? ;%?r”(SA ) on one side, due to the differences between users, and on
W = 0.5 + (02 — 01)/2 another due to the variance between different executions of
wr=1—02 the same task. Therefore, it is necessary to develop a system
if °:j_<_°:;” er“ then flexible enough to deal with this variability while ensuring
endif a a robust grasp identification. In this work we propose a new
if wr > wm — p then approach based onfazzy logic controlle(FLC) [28]. A block
ena"%: Wm =B schema of this mapping is shown in Fig. 7.
J4 =scal e(w;)
T4 = scal e(wn) A. Selection of the particular types of grasp

JB =scal e( wr)

In general, an object can be grasped using a large number of
different hand poses. Selection of the appropriate poserutp
on such factors as:
o The task to be performed (e.g. the grasp has to compen-
sate large reaction forces or be able to produce fine object

in Algorithms 3 and 4. In these mappings the data from t
abduction sensor between the thumb and the indgxare
used for the thumb proximal-flexion joinf of the SAH hand,
the data from the distal and medium flexion sensgtsand movements). o

sT are used for the thumb medium-flexion joirg, and the ~ * The grasped object (e.g. the shape, the slipperiness, and

thumb base sensef; is used for both the abduction and base ~ the fragility of parts of the object constrain the regions
joints J7 and JZ. where fingers should be placed).

The thumb base movement of the SAH hand is very ® The hand kinematics_ and strength (e.0. thg maximum
different from the movement of the human hand. This is 9rasp force and maximum opening of the fingers also
tackled in Algorithm 4 where the abduction joint of the thumb ~ IMPOse conditions on the proper grasp).
and the thumb-base joint are set in a coupled way. In tHi9nsidering all these aspects together is not an easy tagk, a
algorithm the functioni nLi ni t Joi nt Val ue(sZ) returns frequently the grasp problem is solved as a set of indepénden

the minimum value of the range of;. sequential problems, leading to far from optimal solutions
The study of human grasping capabilities has been also an
IV. FUZZY-BASED POSE MAPPING area of interest in other fields such as, for instance, hand

The aim of this mapping is to ensure that a desired grasp
movement of the mechanical SAH hand is executed when a grasp
particular type of grasp is executed by the operator. In this recognition
work we consider nine types of particular grasps, described

below in Subsection IV-A. Jsorizey mgﬁ\g -
Executing a precision grasp needs high precision finger \

coordination, including the determination of collisionedr

paths. One way to ensure the observance of these featufé@s,”. General diagram of the fuzzy-based pose mapping.




Fig. 8. Examples of: a) prismatic grasp, b) circular grasp.

surgery, design of prosthetic devices, and quantificatibn o
disability in individuals with congenital defects or injes. As

a result, there is a substantial and empirical medicaklitee
related to grasping, from which six types of grasp were
identified [29]: cylindrical, fingertip, hook, palmar, spical,
and lateral. Additionally, another classification [22] gegts @ Extended Gyvre and flexed Gymgs) Thumb-Index-Middle-Ring grasp
scheme that divides grasps into two categories: power grasp

and precision grasps (as they were defined in Section I). Fig. 9. Examples of the six types of considered prismatisgsa

Based on these classifications, Cutkosky [23] developed a
hierarchical tree of grasps. The grasp-root is broken up int
the two main branches: power and precision grasps. Pracisio
grasps are divided into prismatic grasps and circular grasp
which are distinguished by the fingertip positions. In p&sic
grasps, fingertips are aligned defining a segment and thethum
tip is moved along the bisector of this segment (Fig. 8a). In
circular grasps the tips of the fingers and the thumb are all
placed along a circumference (Fig. 8b).

Following the Cutkosky’s taxonomy, the nine types of
precision grasps covering the common grasp poses have been
selected here as candidates for the pose mapping (i.e to
be executed with preprogrammed movements). These grasps
include:

« Six prismatic grasps distinguished by the set of involved Sphere

fingers and whether they are flexed or extended (Fig. 9):

Grie: grasp with the Thumb and Index finger, exfig. 10. Examples of the three types of considered circulasys.

Disk

tended.

Grive:  grasp with the Thumb, Index and Middle fingers,
extended. B. Recognition of the type of grasp

Grivre: grasp with the Thumb, Index, Middle and Ring The grasp recognition module receives the data from the
fingers, extended. sensorized glove, processes them with the FLC, and returns a

Gri: grasp with the Thumb and Index finger, flexedcode identifying the most likely configuration of the human
Gmive:  grasp with the Thumb, Index and Middle fingerspperator.
flexed. The data from the sensorized glove is processed to obtain
Gmivre. grasp with the Thumb, Index, Middle and Ringhe following seven variables normalized between 0 and 1,
fingers, flexed. that constitute the input to the FLC:
« Three circular grasp distinguished by relative positiohs 0 « v7: rotation of thumb across the palm;
the fingertips (Fig. 10): « vI™: abduction angle between index and middle;
Ghipod: grasp with the Thumb, Index and Middle finger. vME: abduction angle between middle and ring;
Gdisk.  grasp with the Thumb, Index, Middle and Ring vZ: flexion of the thumb;
fingers, extended. vi: flexion of the index;
Gsphers grasp with the Thumb, Index, Middle and Ring vM: flexion of the middle;
fingers, flexed. vz: flexion of the ring.
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These variables are computed as, 0 : : — : —
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
v@ = norn(s} 2 b)
" n( B) ( ) Fig. 12. Input membership functions: a) for the general cege# V.,
v; = normsy;) (3) b)forvZ.
vi = Sat(a; nornm(s;) + az nor n(s;,)
+ as 6720(17n0rm53‘3))) (4) il
0.8F
where Sat(z) is the saturation function introduced in Eq. 1 06f
andai, as andas are non-negative weight constants. 04
vZ andv; are straightforward, while;; was designed such 02f
that vz ~ 0 for the maximum extension of the finger and 0

vy = 1 for the maximum flexionss;, and s;, have different 0 01 02 03 04 05 06 07 08 08 1

weightsa; andas in the computation of; due to the different Fig. 13. Output membership function.

influence of the distal and middle joints on the total finger

flexion (note that intuitively when the distal joint is corefgly

flexed the finger is not considered significantly flexed, while The used FLC implements a complete fuzzy interface sys-
when the middle joint is completely flexed the finger isem [30], using 12 fuzzy rules with the same structure:
intuitively considerably flexed)as weights an exponential

contribution of the proximal joint to the finger flexion, ths IF (Vi = X1) and(12 = X) and ... andV; = X;)
because it is necessary that this joint has a small coniibut THEN return(Gx) (5)
during most of its range and a rapidly growth for large flexion

values.as is set to zero for the thumb, because it has only\%here i ) . _

joints and the exponential contribution is not necessarya, ~ ¥i IS @n input variable to the FLC, i.8/ = v.. _

anda; are empirically fixed taking into account this reasoning X¢ IS one of the corresponding membership functions

(the used values are given in Section VI). (ie. X; € {A, B, C} for the general case: # vy
The value ofv; is quite relevant for the fuzzy controller or X; € {A, B} for viy). _

since it changes significantly between different types abgs ~ C'» 1S the identifier of each of the nine types of

and changes just a little for hand configurations of the same grasps (Section IV-A).

type of grasp. Fig. 11 illustrates the variationgffor different Fig. 14 shows all the implemented fuzzy rules. The fuzzy

extensions of the index finger. operator of the antecedent is the AND computed with the

The seven variables: are the inputs to the FLC, which minimum method, the consequent is computed using the min-
determines the degree of belonging of each hand pose to et@al implication method, and when the same output variable
of the appropriate fuzzy sets. appears in different rules the maximum aggregation method

All the variablesv+ except the thumb-rol; are fuzzified has been used [30].
with three membership functions, namely A, B and C, such The output of the FLC is a vectos, with 9 elementsx,
that (see Fig. 12a): representing the membership level of the actual configumati

A include the lowest values: of user hand to each of the considered grasping types.e.,

B: include middle values;
C: include the highest values.

Regarding the variable/?, it is fuzzified with only two Finally, o is processed to obtain an integer varialold”
membership functions, A and B for low and high valuethat indicates the result of the grasp type identificatios, i
respectively (see Fig. 12b). The defuzzification is perfedm GT < {0,1,...,9} such thatGT = 0 means that the grasp
with the output membership function shown in Fig. 13. was not identified as belonging to any of the nine considered

o = (O‘Tleu ATIfs ¥TIMes @TIMf» ¥TIMRe) “TIMRf> “tripod» “sphere O‘disk)



rule # vi | v¥ | vi | vM | vE |viM | vME| THEN
1 B|A|A|C| C - - | Gme
2 B|B|B| C|C - - | G
3 B|A|A]|A cC| C - | Grive
4 B|B|B| B C | B - | Grive
5 B|A|A|A|A]|C| C | Grure
6 B|B|B| B B | B| B | Grwurs
7 B|B|B| B B | C| C | Gnwre
8 B|A|A]|A C| A - | Ghipod
9 B|A|A]|A C | B - | Ghipod
10 | B | B | B | B B | A | A | Gsher
11 | B | A |A| A | A | A ]| A | Ggsk
12 | B|A|A| A | A | B | B | Ggsk

Fig. 14. Implemented fuzzy rules. There is one rule for egpk df prismatic
grasp (rules 1 to 6), with the exception of &Ry that needs another rule
(rule 7) to include larger abduction ranges. Regarding tfwailar grasps, due
to the larger abduction ranges there are again 2 rules fppdrgrasps (rules
8 and 9) and 2 for Disk grasps (rules 11 and 12), while for theeBpgrasps
just 1 rule was enough (rule 10).

types, and=T = 1, ...,9 indicates the identified type of grasp
G, according to a predefined order.

Fig. 15. Example of the finger movements doing a precisiosmra
C. Mapping the identified type of grasp

Once the hand pose of the operator has been recognized él&grlthm 5 Grimre Pose algorithm
represented with a valugT # 0, it is used together with the Re?ilrﬁgrs,{lf’;}; ST
glove information (set of sensor valugs) to compute a new = nom(gg)
grasp mapping of the user hand pose to the mechanical handr = nor n(sF)

From the observation of the movements that a hum:’;1n’“0=se’"ii”('jMJF;c Lo — Iraon)
performs to grasp an object with a precision grasp, it canove sait o pose
be noted that, quite often, during the movement the distat
and middle joints of the fingers do not change significantly,
while the proximal joints do it (see an example in Fig. 15}hd
Thus, the distances between the thumb tip and the Oﬂﬂﬁ’é
fingertips depend mainly on the proximal joints. Based os th

observation the mechanical hand movement can be simplifg responding type of grasp. Finally, the SAH hand is moved
significantly. In fact, from a practical point of view, for a1 the interpolated pose ' '

nu?bﬁé oft_gra_sp ?CF'OnS the Iflrt1gders movedct)t?ly tfhe pa;?ﬂ;qr:nal For the types of grasp that do not use the middle and ring
andabduction Joints in a correlated way, and theretore am finger (i.e. Grie and G¢) or do not use just the ring finger
behaves like a device with only ordof. This consideration a Gt and Guinod), Algorithm 5 is simply modified
is used to simplify the commands to the mechanical haré{' Tive, = TIMI tripod), A9 Py

d

. . . removing the computation of the auxiliary variables M
based on the information obtained from the hand of the humg R or jgst R respr;ctively and removing{hem from the
operator. ' ' '

computation of the average It must be also reminded that
For each type of grasp two vectors,,;, and L,,,, of b ge

. ; - e o the limits L,,.;,, andL,,,.. are different for each type of grasp,
dimensionl x 13 are determined, containing the joint value yb grasp

when the hand is totally closed and totally open, respdytivesomd thus they must be properly selected in each case.

(see Fig. 16 for some examples), i.e. the distance between
the thumb tip and the remaining fingertips is minimal and
maximal at the hand configuration defined, respectively, by The joint space mapping and the fuzzy-based pose mapping
Lyin and L,,... All the intermediate configurations of thedescribed in the previous two sections are now merged into
human hand are reproduced on the robotic hand by linemisingle hybrid mapping that acts as an assistance guide for
interpolation between the configurations defined by these tieleoperated grasping tasks. Basically, the system nrsnito
limit vectors. This solution ensures collision free movense the information from the sensorized glove and computes the
when a particular type of grasp is performed. variable GT' that results from the identification process of
Algorithm 5 implements the pose mapping correspondirige grasp type (Subsection IV-B), @7 = 0 then a default
to Grnivre It starts normalizing the values of the proximamapping is executed (the joint space mapping described in
sensor of each finger that takes part in the grasp (in tfi8ection IIl), and if GT' # 0 then a particular predefined
case the auxiliary variables I, M and R corresponding to tmeapping is executed according to the value @T' (the

eX, middle and ring fingers respectively); then, it cotegu
averagé: of these values that is used to interpolate the
osition of the hand between the limits,,;,, andL,,,,. of the

V. HYBRID MAPPING



grasp type | GT
identification

GT=0

joint-space
mapping

joint-to-joint
mapping

ol Sensorize 52 . Jr -

GT=i

mapping:

GT=9

mapping 9

pose
mapping

Gtripod
Fig. 17. Operating schema of the hybrid mapping, mergingjahe space
mapping and the fuzzy-based pose mapping.

Vi | Ve Ve Ve Vg
a1 | 07 03 025 015
az | 03 06 075 06
a3 | 0 1 03 1

TABLE |
VALUES OF a1, a2 AND a3 USED FOR EACH FUNCTIONV

Gsphere level of correspondence reached between the human hand and
Fig. 16. lllustration of the fully open and fully closed cagrations for the mechanical hand by the hybrid mapping. The values finally
different types of grasp. selected in the implementation were= 7/15 (6 degrees) in

Algorithm 2, and the values shown in Table | for the variables
ay, as andag of Eq. 4. The used input membership functions
F) are describe in the Appendix.
®The transition between the different mappings may produce
small discontinuities in the set points of the hand jointsisT
happens during free space movements and therefore was not
VI. EXPERIMENTAL VALIDATION : . :
a problem. Nevertheless controlling these transitionstaia
To perform the experimental validation, the setup desdribgompletely smooth movements of the hand could still improve
in Section Il is controlled with two workstations: the system performance. In the implemented approach, the
« The local workstation receives the information of th@ose mapping has priority over the joint-to-joint mappiAg.
dataglove (which is connected through the USB port) argdresult, it is easy to command the hand to perform a grasp
executes the mapping, which is implemented in Matlalfuse the pose mapping) but the reductiomofimplies a loss
Simulink, obtaining the setpoints for the SAH hand.  of dexterity and, if for some reason it is necessary, it is not
« The remote workstation controls the SAH hand throughtuitive to recover it (return to the joint-to-joint mapyg). The
the API functions using the setpoints received from thenly intuitive action for this is to open the hand signifidgint
local workstation. The hand is mounted on the Staubtfihis is a point for future work.
TX-90 robot. Fig. 18 illustrates the results of applying the joint space
The communication between the workstations is domeapping, it can be seen that the correspondence between the
through Ethernet with a client-server architecture immated finger configurations of the glove and of the SAH hand is
in C++, with the server running on the remote workstation arshtisfactory.
the client on the local one [31]. Fig. 19 illustrates the results of applying the fuzzy-based
After setting up the system, different tests have been p@ese mapping for two types of grasps, a small prisms is
formed to fine-tune the algorithm parameters and to check thesped withGte and a medium size sphere is grasped with

fuzzy-based pose mapping described in Subsection IV-
Fig. 17 illustrates how the hybrid mapping works based on t
information from the sensorized glove and the variaBIE.
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Gisk Different grasp types have been tested with objects with__ Y- IMF A IMF B IMF C

different shapes and dimensions, leading to similar cptalé vi | 0.200.30) 0.150.30 ) -

results that allow the mapping validation. vi* 1 0.500.60| 0.40 0.60 0.750.9% 0.70 0.80
The experiments have been performed by different members vi'™ | 0.50 0.60| 0.40 0.60 0.750.93 0.70 0.80

of the Robotics Lab using only visual feedback, i.e. without ve | 0.300.40) 0.30 0.40 0.70 0.8 0.70 0.80

any haptic device. The goal in the experiments was being able ve [ 0.220.35/ 0.220.35 0.550.6% 0.550.65

to do gestures with the mechanical hand and grasping objects v’ 1025035 0.250.35 0.70 0-75 0.70 0.75

to lift them, without any quantitative measure of grasp gyal vt | 0.26 0.35/ 0.26 0.35 0.750.83 0.750.83

The experiments show that, even with some background Eip. 20. Values defining the rising and falling edges of thentbership

; ; ; ; ; ; ction A, B and C for each variable* (see also Fig. 12). Function A has
robot manlpulatlon, Commandmg grasping actions with a %%Ty two values that define its falling edge, function C hasoalwo values

dof mechanical hand requires specific training to becomgfining its raising edge, and function B has two values dginihe raising
familiar with a system that has two non-identical kinemsticedge forv and four values for the rest of the cases defining the raising

(even being both anthropomorphic). The reduction from 1€89e and the falling edge respectively.

dof to only onedof significantly helps the user in grasping

actions because tr_u_e operator only needs t_o focus the a_tlengr, even better, automatically according to the task to be
on the global position of the hand assuming that the fing Srformed

are closed to the desired pose. In any case, it must be nate tha '

any task could always be solved using only the joint-totjoin APPENDIX: INPUT MEMBERSHIP EUNCTIONS

mapping.

The transitions from 1 to O of the input membership
functions are defined by two valuesandb, that represent the
VIl. CONCLUSIONS AND DISCUSSION initial and final point of the transition; the input membegsh

The paper has presented a new approach for the mappind“ction IMF is defined as:

the movements of a human hand to a robotic anthropomorphic( 1 for z<a

hand. The contributions of the work are the development | 1—2((z —a)/(b—a))® for a <z < (a+b)/2

of a joint space mapping (belonging to the joint-to-joint 2((b—x)/(b—a))’ for (a+b)/2<z<D
mapping type) and a fuzzy-based pose mapping (belonging| 0 for z>b

to the pose mapping type) and the combination of them to (7)

produce a hybrid mapping that allows both intuitive freecgpa The transitions from 0 to 1 of the input membership functions
movements (where the gesture is more important than thee analogously defined. The actual values defining the edges
precise positions of the fingers) and grasp movements (whef¢he membership functions are given in Fig. 20.
the precise positions of the fingers is more important than th
gesture), always despite the kinematic differences betwhee REFERENCES
human hand and the robotic hand. [1] L. Basafiez and R. Suarez, “Teleoperation,”Springer Handbook of
The hybrid approach has been implemented and some Automation S. Nof, Ed. Springer-Verlag, 2009, pp. 449-468.
illustrati fi | ted in th 42] Y. Nam, K. Wohn, and H. Lee-Kwang, “Modeling and recogpit of
fflustrative _execu Ion examples are presentead in the pap_ " hand gesture using colored petri netlEEE Trans. on Systems, Man,
The experiments have been done by members of robotics and Cybernetics - Part A: Systems and Humavs. 29, no. 5, pp.
laboratory and therefore with knowledge and some training 514-521, 1999. . _ _
. botics manipulation. The easv of use comments and t K. Abe, H. Saito, and S. Ozawa, “Virtual 3-D interface ®m via hand
In ro p " Yy - motion recognition from two camerasfEEE Trans. on Systems, Man,
advantages of one mapping compared with another are based and Cybernetics - Part A: Systems and Humav. 32, no. 4, pp.
on the experiences of these persons, which agree with the 536-540, 2002. _ , o
ted Its that iustified th lizati fth e [4] L. Gupta and S. Ma, “Gesture-based interaction and conication:
expecied results that jus ' e € rea !za Ion of the w g . Automated classification of hand gesture contoutEEE Trans. on
system was not tested with people without any experience in Systems, Man, and Cybernetics - Part C: Applications andieRev
order to obtain quantitative results on the dexterity reaich Vol 31, no. 1, pp. 114-120, 2001. _
ith the diff t . [5] J. P. Wachs, H. Stern, and Y. Edan, “Cluster labeling aaimeter es-
wi € aitreren mapp|_ngs. o o timation for the automated setup of a hand-gesture redogrsystem,”
Future work has two lines of activities. One is improvement IEEE Trans. on Systems, Man, and Cybernetics - Part A: Sgsterd
of the individual mappings. Joint space mapping could be ~Humansvol. 35, no. 6, pp. 932-944, 2005. y :
. db . l d b 661 I. Infantino, A. Chella, H. Dindo, and |. Macaluso, “Caigime architec-
Improve y using a non linear qorrequn_ ence .etween t ture for robotic hand posture learnindEEE Trans. on Systems, Man,
glove sensor values and the robotic hand joints. This waeHd r  and Cybernetics - Part C: Applications and Revigwsl. 35, no. 1, pp.
quires a complex experimental analysis of the desiredioslat _ 42-52, 2005. _
bet the hands to establish the improved correspondente M:-C: Su:  fuzzy rule-based approach to spatio-tenapdrand gesture
elween the ) p i p ) recognition,” [EEE Trans. on Systems, Man, and Cybernetics - Part C:
The fuzzy-based pose mapping could be improved using the Applications and Reviewsol. 30, no. 2, pp. 276-281, 2000.
synergies between human finger joints in order to determin@l B- W. Miners, O. A. Basir, and M. S. Kamel, "Understandiignd
. : | | botic hand movements. The gestures using approximate graph matchinBEE Trans. on Systems,
ina S|mp_er way more comp ex robouc V_ : Man, and Cybernetics - Part A: Systems and Humamd 35, no. 2,
second line of research is related to commutation between pp. 239-248, 2005.

the mappings. In current implementation, pose mapping ha¥ S: Cobos, M. Ferre, A. Sanchez-Uran, J. Ortego, and Reikiféduman
hand descriptions and gesture recognition for object méatipn,”

priority overjoint-to-joint mgpping,_but it would be inmting. Computer Methods in Biomechanical and Biomedical Enginger
to be able to change the priority, either by an operator dstis vol. 13, no. 3, pp. 307-317, 2010.



Fig.

[20]

[11]

[12]

(23]

[14]

[15]

[16]

[17]

(18]

[19]

11

(d) Thumb-roll test

18. Examples of the joint space mapping.

J. Hong and X. Tan, “Calibrating a vpl dataglove for taderating the
utah/mit hand,” inProceedings of IEEE Int. Conf. on Robotics and
Automation 1989, pp. 1752-1757.

T. Wojtara and K. Nonami, “Hand posture detection by naémetwork
and grasp mapping for a master slave hand systenPrac. IEEE/RSJ
Int. Conf. on Intelligent Robots and Syster2804, pp. 866—871.

M. L. Tao Geng and M. Hilse, “Transferring human gragpsynergies
to a robot,”Mechatronics vol. 21, no. 1, pp. 272-284, 2011.

J. Rosell, R. Suarez, C. Rosales, and A. Pérez, “Aartayus motion
planning of a hand-arm robotic system based on captured fikea
hand postures,Autonomous Robatsol. 31, no. 1, pp. 87-102, 2011.
H. Friedich, V. Grossmann, M. Ehrenmann, O. RogallaZBlIner, and
R. Dillman, “Towards cognitive elementary operators: @rakssifica-
tion using neural network classifiers,” iroceedings of IASTED Int.
Conf. on Intelligent Systems and Confrdb99.

J. Aleotti and S. Caselli, “Grasp recognition in virtuaality for robot
pregrasp planning by demostration,” Broceedings of IEEE Int. Conf.
on Robotics and Automatipr2006, pp. 2801-2806.

J. Zhao, Z. Xie, L. Jiang, H. Cai, H. Liu, and G. Hirzing¢EMG
control for a five-fingered underactuated prosthetic handedaon
wavelet transform and sample entropy,” fioc. IEEE/RSJ Int. Conf.
on Intelligent Robots and Systen2006, pp. 3215-3220.

T. Kondo, O. Amagi, and T. Nozawa, “Proposal of anticgrgt pattern
recognition for EMG prosthetic hand control,” Proc. IEEE Int. Conf.
on Systems, Man and Cyberneti@908, pp. 897-902.

T. Speeter, “Transforming human hand motion for teleipalation,”
Presencevol. 1, no. 1, pp. 63-78, 1992.

R. Rohling, J. Hollerbach, and S. JAcobsen, “Optimizixgertip

[20]

[21]

[22]

(23]

[24]
[25]

[26]

[27]

(28]

mapping: a general algorithm for robotic hand teleopengti®resence
vol. 2, no. 3, pp. 203-220, 1993.

A. Peer, S. Einenkel, and M. Buss, “Multi-fingered tebaripulation -
mapping of a human hand to a three finger gripper,Pioc. of the
17th IEEE Int. Symp. on Robot and Human Interactive Comnatioit
2008, pp. 465-470.

L. Pao and T. H. Speeter, “Transformation of human haositpns for
robotic hand control,” inProceedings of IEEE Int. Conf. on Robotics
and Automation1989, pp. 1758-1763.

J. Napier, “The prehensile movements of the human halaljrnal of
Bone & Joint Surgeryvol. 48B, no. 4, pp. 902-913, 1956.

M. R. Cutkosky, “On grasp choice, grasp models, and tasigh of
hands for manufacturing taskdEEE Trans. on Robotics and Automa-
tion, vol. 5, no. 3, pp. 269-279, 1989.

L. A. Zadeh, “Fuzzy sets,Information and Contrglvol. 8, no. 3, pp.
338-353, 1965.

Schunk GmbH & Co. KG, “Schunk anthropomorphic hand,”
http://www.schunk.com/, May 2006.

J. Butterfass, M. Fischer, M. Grebenstein, S. Haidachend
G. Hirzinger, “Design and experiences with DLR hand II,” Rroc.
of the World Automation Congreseol. 15, 2004, pp. 105-110.

J. Rosell, R. Suarez, C. Rosales, J. A. Garcia, andéez “Motion
planning for high DOF anthropomorphic hands,” Rmoc. of the IEEE
Int. Conf. on Robotics and AutomatioR009, pp. 4025-4030.

E. Mamdani and S. Assilian, “An experiment in linguistynthesis with
a fuzzy logic controller,”Int. Journal of Man-Machine Studigsol. 7,
no. 1, pp. 1-13, 1975.



12

(b) Grasp typeGgjsk
Fig. 19. Examples of the fuzzy-based pose mapping.

[29] C. L. Taylor and R. J. Schwarz, “The anatomy and meclsapicthe
human hand,Artificial Limbs vol. 2, no. 2, pp. 22-35, 1955.

[30] E. Mamdani, “Applications of fuzzy logic to approxingatreasoning
using linguistic synthesisJEEE Trans. on Computersol. 26, no. 12,
pp. 1182-1191, 1977.

[31] J. Fortin and R. Suarez, “General environment for aonnnteraction
with a robot hand-arm system and associate element$rao. of the
15th IEEE Int. Conf. on Emerging Technologies and Factoriofaation
2010, pp. 34-39.

Jan Rosell received the BS degree in Telecomu-
nication Engineering and the Ph.D. degree in Ad-
vanced Automation and Robotics from the ‘Univer-
sitat Politécnica de Catalunya” (UPC), Barcelona,
Spain, in 1989 and 1998, respectively. He joined the
Institute of Industrial and Control Engineering (I0C)
in 1992 where he has developed research activities in
robotics. He has been involved in teaching activities
in Automatic Control and Robotics as Assistant
Professor since 1996 and as Associate Professor
since 2001. His current technical areas include robot

motion planning, haptics, robotic assembly and manufajuautomation.

Luca Colasantoobtained the bachelor degree (with
honors) and the master degree (with honors) in
Control Systems Engineering from the Politecnico
di Bari, Italy, in 2007 and 2010 respectively. During
his master he was at the Institute of Industrial
and Control Engineering (IOC) at the ‘Universitat
Politecnica de Catalunya” (UPC), Barcelona, Spain.
He is currently a Ph.D. student at the Fondazione
Istituto Italiano di Tecnologia, in Genova, Italy. His
current research is in humanoid robots, dynamic
walking control and soft robotics.

Rall Suarez (M'96) received the electronic engi-
neer degree (with honors) from the National Uni-
versity of San Juan, Argentina, in 1984, and the
Ph.D. degree (cum laude) from the ‘Universitat
Politecnica de Catalunya” (UPC), Barcelona, Spain,
in 1993. He is Research Supervisor at the Institute
of Industrial and Control Engineering (I0C), UPC,
where he has been responsible for the research
line Process Control (1998-2003), Assistant Director
(2003-2009) and, at present, he is the Director
(since 2009) and the Coordinator of the Doctoral
Programs Advanced Automation and Robotics (since 1995),Aartomatic
Control, Robotics and Computer Vision (since 2006). Hismrasearch areas
include grasping and manipulation, mechanical hands, ringu assembly,
task planning, telemanipulation and manufacturing autmma




