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A Portable Dextrous Master
with Force Feedback

Abstract

Cextrous masters control reoss ena wrthogl enveoaments rough hang gestures,
Commend products bave ceer-icop cantral withaut iose feeaback 16 172 operatos
There i& a need for pOrao e systams that have “orce ‘eedback. Dot are atill sufficartly
COMPAC. 10 52 ceskiod, In tvs paper we distuss a protatyde raster providing force
feeahack ‘or the Catzplove THe master mructure and 1s actuator characerstics &
sregented Arst, Then a coorel moce! s gven oased an finger parameters and cinf cou-
sing, Tha giove calibranon € sLbcequently discussed. =xng Into accourt e infuerce
s tre feedbacs struciure. The sxpermants selun oo nital sesults are presenied Ls

: Introduction

The releoperanon of multifinger robor hands | Bekev, Tomovic. & Zalk-
ovie, 1990; Jacobsen, [versen, Knutti, Johnson, & Biggers, 1986; Salisbury,
1985; Venkataraman & [berall. 1990} requires a dextrous mascer thar is a
multi-DOT controller worn on the operator'’s hand. Use of the hand gestures
i Pao & Speerer. 1989) 15 a narural form of control that can bring significant
improvements n teleoperation etficiency, Commercially avasiable dextrous
mascers | Daraglove Model 2 Operating Manwal, 1987 Marcus & Churchull,
1988} conrral the positton of a rabor hand, or of 2 simulared hand (in virnai
environment applications i, in open-loop without force or touch feedback 1o che
aperane.

Studhies done using nondexteous masters {Hill, 1976) have shown that the
completion nme for difficulr casks was reduced by 30% when force sensanion
was present. This mav indicare that force feedback can enthance the perfor-
mance of dextrous svstems as well. Force feedback needs 1o be disongushed
tram racrile feedhack. Tacrile feedback produces a perceprion of touch /no-
touch andd some perception ot the compliance of the manipulated objects
i Pamick. 19907, While useful, rouch feedback 1s nat capable of producing roral
rigadity of moton, Theretore the remoce or virtual hand can penetrare the ma-
nuipuiated obrects and produce damage. Force feedback uses actuators 1o control
the magnitude of torces on the operatar hand and wrist. It oo is capable of
capturing the etfeet of obyect comphiance, but it ¢an also produce ngidity of
monon {for large feedback forces).

The difficulry in the realization of dextrous masters wich force teedback stems
from a fundamental conflict berween adequate control and human factors as
thev relare to hand geomenry and fangue ( Burdea & Zhuang, 1991). Force
teedback provided for each joint of the hand and wrist would require a Jarge
number of actuators. Unfortunacely, the geomerry of the human hand reduces
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the volume that <an accommodate these actuators. A
number of protorvpes with force feedback have been
butlt { Burdea & Zhuang, 1991: Jacobsen, Iversen,
Davis, Pocter, & Mclain 1989; Jau, 1989). The teedback
actuators used by these masters are either hvdraulic (Ja-
cobsen et al.. 1989} or electric {fau, 1989 with place-
ment of the actuators remore from the hand. Thus mo-
tion/ force 1s being transmitted through an exaskeleron
serucrure with cables and pullevs. Fricoon and back-
driveabiliny hecome serious issues and costs are high due
1o complexiry. Therefore their usage is quite Emired.

Extending the usage of dextrous masters to areas other
than telerobonges, such as virtual environments, medical
diagnostics, or video games, will require svstems that are
compact {deskrop), sate. quiet, and less expensive, User
salety precludes the use of high-pressure hyvdraulics,
while compaceness limits the use of cables, pulleys, and
elecerical motors. 1f 12 reduced number of) light acnia-
rars could be placed locally in the palm where lorces are
required, then friciion and backlash cease being major
cancerns, The resulnng more compact master should
also have a reduced cost. Work in thas direction was
done in Japan (Iwata. 1990} resulting in a deskiop mas-
ter wich force feedback. This master has the disadvantage
rhar the user hand is kept on the desk. Theretore large
motions such as those aliowed by the Daraglove are not
nossible.

Thus paper describes a porrable dextrous master with
force teedback that uses micropneumanc acruacors
placed in the palm of the Dataglove. The svstem is light.
compact, deskrop, and relanvelv inexpensive. Iz ad-
dresses the needs of cerrain applications that now aoer-
ate in open-loop and where the addition of feedback to
some degrees of freedom is beneticial. Section 2 de-
scribes the master configuration and its actuator charac-
tensacs, Section 3 gves a madel lor the contral loop.
Section 4 details the glove calibration taking 1no ac-
count the oresence of feedback actuators. The expen-
mental serup and ininal resules are presented in Section
3; concluding remarks are given in Sectzon 6.

2  Master Configuration

Inital sradies ar Bell Laboratories ( Burdea &
Specter, 19891 resuired in a one-degree-of-freedom mas-
ter used to control the Urah hand. This portable master
wich torce teedback | PDMFEF ( Burdea. 19911 had one
LAVDT positon sensor in parallel with 2 pneumanc acru-
ator. The whole structure was compace enough to be
held 1n the palm wich only two fingers, as shown in Fig-
ure 1. Forces exerted on objects by rhe robor hand were
cGetermuned by obsenving the difference between tiexion
and extension tensions in the tendons of the robot
thumb. This vaiue was then used to direcely drive the
value of the piston pressure. After a short learming pe-
riod, the user was able 1o grasp objects kghzly. or wich
great torce, and feel the grasped obect compliance.
While rhese expenments were gualitaove in nature, they
did show che unibey of force intormation tor dexrrous
teleoperation, ¢ven with only one feedback acruaror,
Considerable deprivadon was tele by the users when the
loop was opened and no toree intormaron was fecd back.

2.1 Feedback Structure

After these experiments the conceps was exteried
kv buiiding ar Rurgers Universicy 2 feedback structure
hat incegraces several PDMFEF tvpe actuarars wirh a
Daraglove master. The aimn was to provade torce feed-
back for mulsipie fingers and replace the LYDT sensor
with the glove’s own posinion sensors. 1he resulong
compact structure has three acuacors placed 1o the palm,
Ths “direct-drive™ system emovs the same advanrages as
those used to dove robot arms. nameiy the absence o’
cables or pullevs and reduced friction, To alow e ab-
ducton-adduction of the fingers (thumo, midéle. anc
index ), three sphere ‘oints were placed on a small
L-shaped plattorm attached to the extenor of the giove
as shown in Figure 2. Three cylinders were mounted
coaxially with these sphere joints, rhus allowing tor ai-
Tect CONNECTIoN 1o 2ir Tubes passing through the sohere
0UN3s,

Each actuator work envelope V., ... '8 2 poroon of
a spnere sector due 1o the sphere joints placed on the
palm plattorm,
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where
d = 20 mm is the piston stroke,
{ = 62 mm 15 the cvitnder length,
s = 7 mm is the length of the fingertip mounang
black, and
@ = 307 is the sphere ;oinc half-angle.

Each cvhinder shait was attached to the glove finger
nps through cvlindrical jons that allow movemenrina
plare normal to the fngernos. The amachment ot the
feeddack scructure 10 the glove was done with Veicro=
stryps mounted in the paim and on the angers. Each fin-
gertip mounting block hac three Velcro serps chat se-

cure o the glove. 1Tus reduced the comphiance of the
user fingertp OV creating a tighe “two-nng” aachment

1 beneficaal to overall system pertormance. These detach-
able connections also allowed for agjustments to the
hand charactenistics of different users.

The acnzator controliers and air vaives were grouped
in a modular hardware incerface unit shown in Figure 5.
This intertace consises of three propornional pressure
reguiators, a pressure indicaror for the main ar input,
power supply (24 Vi, and an :oput port for the cable
from a D/ A board instailed in the host workstation. The
intertace dimensions are modular with the Daraglove
electzonic unit so the two umits can be “stacked-up” 1o
save desk space.

2.2 Actuator Characteristics

The acruacors were tested under bath static andd
dvnamic conditions. The scanc tests were aimed ar derer-
mining the torce exercised by the cvhnder as a funcuion
of the voltage controlled by the host caomputer, These
tests were rus with air supply pressures I of 60, 70, 80.
and 90 psi and for each supply air pressure voirages from
0 ro 10 V were applied on the vaive controlier. Uncer
these conditions che force was measured wirh a load cell
iaccuracy 0,05 N, range 22 N1, As seen from Figure 4
the propornonality of force with appiied voltage was
good. with the exception of plateaus appearing ac higher
voltages. Here maamum air flow was appiied on the
piston, and torce no longer vaned with {increased ) volt-
age. A pressure af 90 psi and a voleage of 6 V' resuired in
an actuagor torce of 4 N 1 almosr a pound torce). Far a
fingerop surtace of 1.5-2.3 ¢m” this corresponds to
2.66-1.60 N /em’. The force generated is theretore 8 to
14 omes higher than the minimum sensitvity of the hu-
man hand sensors of 0.12 N/cm’ | Grupen & Hender-
son, 19861, Mlastic was used wherever possible jexcept
tor the actuators and sphere joints ) to reduce the mass
The cvlinger spnngs were removed to allow free motion
of the piston when no air pressure 1s appaed. The resule-
ne feedback structure in che hand had 2 mass of 0,045
2g 12 weight of 0.54 N ;. Thus for a mascer total torce
output of about 13 N, the nondimens:onal farce out-
put/weight rago s 30. Since the average maie/ femaie
maximum op piching toree is 13-16 N 1An. Askew, &
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Flgure 2. ~rce tuedboce siructurs for e Dulagion.

Chao, 1986} the masrer feedback force is large enough
to simulace the sensaton of a sobd object 1n the grasp.

The same load cell was subsequently used o derer-
mine the rorce vananion in nme for a step inpur. Tests
showed an approximately 30- 100 msec nse time corre-
sponding to a bandwidth of 10-20 Hz, There were al-
most na overshoots or oscllatons,

The Dataglove uses a magneac Polhemus |Polhemus
Navigaron Sciences Division {PNSD), 1987] sensor to
measure 15 palm positon and vnentation in space. The
question arase whether the metallic components in the
force teeddack structure maght intertere with the sensor
accuracy. lests using a calibraon table showed rthis in-
Auence on Polhemus accuracy o be quate small ion the
order of 1-1.5 mm anslanon and less than 1° rotanon,.

3 Control Model

Far a given actuator pressure the feedback forces
apphied on the user fingers depend on two Eaon, the
jotn snifness chosen by the subject, ana the user hand
posture when acruators are pressurized. The hand pos-
rare mav be expressed by the angle v berween the nor-
mal to che fingerop and the actuaror shatt, as shown in
Figure 3. For a desired normal feedback force o the
thumb, F, the corresponding air pressure, 2, s

F\

o] ———— 2}
& A, sy

where
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-f=<)0"—|lt,+l.l:+0,_:+:an‘i"?' 3}
B, = =L costh, =L, cosifl, =8,

= Locosi8, + 9. + 8, = Hosinid, =8, + B3] (4
B o= snb =L sini0, = b,

= Losin (8, + &+ 850 + Fooosih = .+ 8 (5]

Here B, s the chumo anteposinion, retropasition angle
and b, B, are joinc fex angles. While the thumb angles
are al measured by the Dataglove, the 9, angles for mud-
dle 2nd index fingers are not measured dv the glove di-
rectiv. One way of determuning 8, is 1o 1ake into acconuns
the coupling #; = O/, that cxases over the range of 2
Srasping monon of t[‘r master. B, was found ta have the
general tormula:

9, =00, =q=hif. -4 61
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The constants @, #. and ¢ depend on each user hand char-
acrensnics. Data used to obtain Eq, 161 are presensed in
Figure 6 (poinzera = 9,32, 6 = 0.22. and ¢ = (1L.O17:
middle fingera = 9.77, & = (L.36. and ¢ = 0,014 For
the index and middle fingers Eqs. (3-3 | become

8, =,

vy =90 — [B + 8. + 80.)] + rn r‘:: (71
B.=—IL cosh + L.cos 8 +9.]
+ Locos A =0, — GHn,)|

~ Hosin B« B« BBl 8

B.=1,sinb +L.smi0 =0
# 0, sin [B+ 80+ ©64.]

= H,co5 [0 =B, Bk N

In a virraal environment aoplication the normal forces
£, correspond ro contact forees resulting from the moc-
<led hard (see Secion 51 grasping of an abjecr. Contace
forces mav depend on the stffess K of the simulated
obsect, its weight, as well as the hand grasping posmure
and the degree of squeezing expressed by the motion Ax
of the mocel hand fingertips. The process starts wich the
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master measuring the user Ainger joint angles §, and the
host computer calculating fingertip Cartesian motions
AX, Once the abect is grasped. the normal forces, £,
are calculared tor the tree nngers based on rhe abrect
compliance K. Then air pressures. P,_, are calculared for
~, and F... Forces are then applied on che subjecr's fingers
resulting in a possibie new monon command, changing
f. This is 2 position feedtorwara-torce feedback loop, as
shown in Figure 7.

4 Glove Calibration

The Danaglove uses aptical sensors 1o measuse the
finger angies of the operator hand. The glove used in the
expeniments presentedd here had added sensors sor addug
non/ abduction and retroposition/ anteposition angles,
The sensor idennncanon numbers are shown
Figure 8.

The calibragor process transtorms raw sensor data
into user hana joint angles. The main merhod wsed in
these calibranons was the least sguares approximation.
However, the method used for dex and anteposition
setropasition angls ditfers from thas used for addue-
sion/abducnon sensors. Table 1 summanzes me caibra-

8 (deg) Middie Joiot Aogle Coupling

3.0 L
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5.0
23.00 7
22.00 e
Lo

2000 7
“5.00 7
17.00 f-'.
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15.00 Y 74

Ld.00 7

1300 7

200

1100 7

10.00 ¥ “/
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.00 Lz

£.00 3y (deg)
1000 2000 3000 4000 S0.00




24 PRESENCE: vOLUME | WUMBER
[u: E:: i Table |. Cavvanon Sethos ang fonge of Mcuon (RO
el
. | ROM
A al ——— R ——— P 4
- s £ — 1 0mane Toinc Methog ot wio ROM
A el number calibratton  actuator w.-'actgﬂamr s a
rus
| e B 0 Flexaon (S0 1340 16 -3+
1 Flexaon (-0} 0-90 l 0
Figure 7. Cantral loop. 2 Flexion  0-90 0-30 3 0
3 Flexion 1-90 045 . )
= 4 Flexion 090  0-30 3 0
A~ 5  Flexion  0-90 045 2 0
) 3 T O 10 Adduccy 0-30 0-30 1 1
: abduct
K L 11 Flexion 0-90 0-30 1.8 0
{ o 12 Addueti 0-50  0-30 ! 0
P 5 abducr
Flgure B, Nurrbsrng of o sevisces wiea by the Doiopioie
where
tian methods for the various jints of the glove 2. &, and ¢ are calibration canstants
discussed presently. 4, are the measured angles

4.1 Flex Sensor Calibration

The flex sensor method of calibranion applies 1o the
fHexion joints of the thumb, index, and muddle Hngers
and the anteposinion, recroposinion joint of the thumb.
The “zero™ pasition lor these angies corresponds 1o the
paim and fingers placed straight on a fat surtace. As the
fingers bend they form posinve angles through the range
of monen of the hand. The calibration formula used in
DUT EXPETUTENES 35 that fven oy Hong and Tan ( 1988

Birs =a+br+clyirg (Lo
where
v = raw sensor readings
Biry = Hex angles
@, &, and ¢ are constants determined via Jeast squares
method,

The resulting cquation can be expressed as

m 2y, inir -[a S
K r Irinin) |l#|=| Zr8, (11;
(=i S dn i Xl n-_.:._;‘]?.: =8 Inix;

7, are fex sensor readings
m is the number of data points.

4.2 Adduction/Abduction Sensor
Calibration

The cabibranon tor the adducnon/abducnion sen-
sors s more invaived than that of the flex sensors since
there 13 coupling wich the flex sensors. Consider a finger
with a fiexton sensor and an adducnon /abduction sen-
sar. fi-is the Hexion sensor angle and B, is the adduction/
aoducnon sensor angie. The calibration medel assumes
rar B8 not dependent on #, and imphcitiv the caw sen-
sor value v, s not dependent on r,. Ler us define 2 func-
oon

re = diz,) 1123

where 7,, 15 Used 10 represent 2 value of v, wnen 8, is zero
degrees. The tunction & can be found using a least-
squares curve At given a set of vaiues for 2. ana 7, It is
possible ta collect data while slowly moving the finger
against A thin rigid plate at 8, = 0 andd various values ot
¥
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Once ¢ has been tound, a calibranon formula can give
4, for an arbitrary reading r,. Let us define this function
i

an oy Il.h:?'.:, =2k 7 '13)

The 1dea benind an argument ot 7, — 7, is tat of sub-
tracone the erfect of che flex sensor from the abducton
sensor (It 15 an approximanon thar does not lead o sig-
mificant loss in accuracy). The accuracy after calibrarion
was 4-7° error for tdexion angles. 5-8° for adduction
anducoon, znd 6-8° for antepasition/ rerroposioon.

The feedoack acruarors placed in the palm reduce
somewhar the range of monon of the user’s hand (see
Table 1. This reduction is significant only for the flex-
on angles of the index and middle fingers. However, it
is possibie o scale these angles into a full range of mo-
rion of the virmal hand. The scaling function could rake
on several forms as long as che full range of mortion with
the actuators :n place maps to the full range of monon
without the actuators i the palm. For instance. che mas-
ter angles 0 could be linearly scaled to the virual hand
angles e, as represented in Eq. (14),

a, =a, =nU, (14

The constants 4, and #, are summanzed 1n Table L. The
scaling process also affects the accuraey of the virtual
hand posinon siee sensor errors are scaled as well,

5 Experimental Setup and Initial Resuits

The conaguration of the experimental svstem wsed
ID nCegrate (e muster 10 a virnzal enviconment 1s stiown
in Figure 9. The acruator incerface box was inregrared
inge the system via a DA board connecred o a Sun 4
hast. The VIL intertace box was also connecsed to the
same Sun 4 whiie a separare HP YN0 series 300 work-
stabon was used for three-dimensional (3-137 graphacs.
A second Sun 4 workstation was used as a database
server far the ather two computers. Intercommunication
setween compurers was done aver the etherner and uti-
lizeq a maseer /slave process distriburion. Two processes,
Volsery and Dacserv. provided the sormware inrerface for
the acraaror ard VPL baxes o other machines on the

network. Glove angies were received on the HP worksta-
rion by the program Vpleli, which creares a shared mem-
orv segment anto which the glove data was stored. The
grapiics program hand arrached o this memorny segment
in order to obtain rea-time Dataglove data, rhen inrer-
facedd with Dacserv 10 relav acnzaror updare forces to rhe
voltage-controlled ar vaives, User soeafic calibration
Jdaca and virual ebsece maxlels were turmished oy
Dbserver

A simple virtual application was constructed to experi-
ment with simulated contact torces. I this apphcanon a
hand model was dispiaved on the screen rogether wirn
muodeled objects (see Fig. 100, The objects, depending
on thesr comphance, deformed and returned forces when
manipulated. The hand modet has been simpiified 1o
maintain high retresh rates. The distal and nmicdle pha-
langes were combined for bath the index and middle
fingers. Thus. the number of joints was reduced trom
three to two for both Angers. The finger that had the
fewest degrees of freedom was the middle finger. Iz had
rwo joints with one lexion angle each, The index finger
had the same flexion angles as the middle, 10 additon o
an abduction /adducbon angle for the metacarpophalan-
geal jpine, The thumb bad the degrees of freedom ot thie
index hnger and the anreposingn / rerapositon ang:e.

The Polhemus sensor data were used o determine the
positon and enentaton of the modeled hane. Sixdara
values provided three palm transiations and three rota-

tons. The graphics used the Starpase Graphics Libracy
on the HP-UX Svstem, In Figare 10, the hand appears
wirth a spring arrached besween che nips ol the thumb
and middle fingers. As rhe user’s hand and fingers
moved, the screen was updared accordingly. The torce
generated from the compression of the spring was caicu-
lated based on Hooke's law and fed back to the mascer.
New data trom the Dataglove were obramed ar about
25 Hz while the graphics model was capable ot 10 Hz
retresh rate. The user could both see and feel the resules
af his/her hand monons in a very natural wav,

More expenimentcal dara are necessary to pertorm a
stansmcal analysis of user perrormance with the feedback
mascer. Comparanve tests need to oe developed to
gauge the benefits of the system presented here. This s
the subject of current invesnganon,
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6 Conclusions

This paper presenced a dexcous mastes with force
seedback that uses micro poenmatic actuators placed
withun the palm of 2 sensing glove, Ihis svscem is ghz,
compact. and relaovely inexpensive. addressing the
needs of certain applicanons hat now operate in upen-
loop mokde bur could benefit from a portable feedback
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device. A kinematic ansl conmol model for the master
was developed, Calibranon methads were obtained cak-
ng 1o account the intluence of the feedback strucrure
an the glove range of mouon. An initial experiment was
presented where the maseer was integrated with 3-D
compurer graphics, Although this demo is quite simple,
the results are surprisingly realisoc and convey the sense
of an actual object grasping. Further mvestigation is
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needed to develop seatistical data for many users and

vanous 1asks. Long-term research will address issues re

lated to other ficlds of application of the device |medical,
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