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¥Yirtual force feedback prototypes have heen developed
in the last couple of vears. Their number of degrees of
freedom and range of motion are limited by present
(bulky) actuator technology. Lessons from these first
prototypes point to possible solations in the future. Sev-
eral applications of virtual reality with force feedback
are then descrihed,
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1. Introduction

There seems to be a strong reluticaship between the
tields of telerobotics und Virtual Reulity, Many researchers
who's eurlier work was in telerobotics are now ecagerly in-
vesliguting the newer virteal (or altemate) reality. ‘Thev
either use older telerobotic musters as input devices to the
computer simulation (Brooks, 1990, or newer instrumented
gloves (VPL, 1987 ) and exoskeletlons (Marcus, 1988). Con-
versely, such dedicated VR hardware as the Dataglove, has
been sucoessfully used mn telerobotics (Clarck et ul.. 1989}
System aspects such as master-sluve nteraction, distributed
system architeciure, time delay und humon factors wre just
a few of the common prublems that are presently being
investigated,

Both teleoperaiion (ol a real or simulated roboty (Bejczy,
19901 and virtual reality can produce u sense of immersion.
T Virtwal Reality thes immersion is due to the operator
wearing a  head-mounted  display, gloves, and  uther
inpatfoutput devices and interacting with o computer that
responds to body motion and 1o voice commands by gener-
ating images, sounds, forces elc.,

At the present time the graphics are primilive {despite
what is perceived through the media and Hollvwood hypes,
primarily due to the real-tme requirement of the gruphics
interactinn. Relative to the complexity uf the problem pres-
cat computing hardware seems slow, Fortunalely, the over-
lapping of several sensing modalibes such us vision and
sound scems to help in the operator’s realistic immersion
sensation {Chapin and Foster, 1992). Cin this ohservation
be extended o other sensing modalines, such as wuch or
force feedback? The answer seems 0 be yes, especiully
when there is a simulared intevaction with virlual objects,

‘The literature often mixes the enns “louch fesdback”
and “force feedback™. This confusion s probably due 10
the authors’ concern with the human factors only aml ool

with the hardeare aspects. In our view foroe feedback o
the grasping action opposes the human finger motion ac-
tively and can stop it (for lurge feedback forces). Touch
feadback can provide "touch/no touch™ cues to tingers, but
cannot stop them from moving further und thus possibly
deatroving remotely grasped objects.  Therefore “touch
feadback™ should be distinguished from “force feedback™.

2. Current Developments

2.1, Portable Masters

An example of a dexirous master with touch feedback is
the Teletact System produced in UK (Stone, 1991} shown
in Fig.1. This master has & number of air bellows which
ure distnbutet oo hand Gngers and the palm, The pressure
in the bellows is conlrolled by proportional regulators, en-
closed 1o separate interface, A (remote) second individual
buving another glove with Force Sensitive Resistors (FSR)
grasps a real object, applying a certain force, This force is
then used 1o dnve the pressure in the air hellows so that the
Teletact wearer can have a “reading” of the ahject grasped
by the (remute) second individual.

An example of a dexirous master with force feedback is
the MIRAGE System developed a1 Rutgers University and
shown n Fig.2 (Burdea etal, 1992-a).  The master has
three pneumatic miero-aciators mounted on e small “17-
shaped platform attached to the pabm of the Dataglvoe, The
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Fig.1. The teletoct master courtesy of ARR.L.).



Fig.2. Rutgers desuous hand master with foce Feedhack
1Burden cral.. 198203,

cylinders are mounted coaxially with three sphere joints,
thus allowing fur dircct connection to air tubes passing
through the sphere joints. The actuator conic wurk envelope
allows both adduction-abduction and anteposttion-retroposi-
tion linger metions, Lach cyvlinder shatt is artached 1o 1he
clove finger tps through cylindrical joints that allow move-
ment in i plune nomial 1o the fingertips, The atachment of
the feedback struciure 1o the glove is done with Velero T™M
sirips mounted in the palm and on the fingers.

The master 1s integrated with a Dataglove that reads the
hand and finger positions. The force applied on the wearer
fingerip is proporminnal w forces applied by a virual hand
on several types of virtual ohjects (spring. hall amil sodu
cunl. The feedback forces pruduced by the master are con-
wolled accurding o elastic (spring and ball) and plastic
(sixdu can} deformation laws (Bundea e al., 1992-hy, The
advantage of the Rurgers systemn is that it provides simuluced
force sensation to the person wearing it, while being com-
pact, light (about 50 grams). clean, silent (dus o exhaust
mulflers) and safe,

Portble masters need to be light and compact,  This
requirement is dictuted by the hand geometry and the need
o reduce operator fatigue. “The requirement for compact
ness limits the use of cable and pulleys to wansmit mution
from remotely placed actuators.  1deally, actuators need o
he placed in the palin where the forces are to be sensad,
This in tum determines the number of feadback actumors
and therefore the hand degrees of freedom pruvided with
farce feedbuck. Key questions such as how many actuaors
are needed and how much foree is needed. are sill being
investigated.

The grasping motion using a portable master can be clas-
sified as “power” or Yprecision” grasping, During power
grasping the whele palm and fingers make contact with the
wrusped virtoal object. The grasped surface encrenses und
dexterity decrenses us only the wnst degrees of freedum ure
available for hand motun.  Precision grasping of vimual
objects ditfers from power grasping in that only the lnger
tips are use.d 17 the simulation involves light virtual ubjects
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Fig3. Muaster manpulator (lwia, 1990,

then gravity effects are smull and caly forces at the finger
1ips appear. In this cize a reduced number of actztors are
sufficient in order 1o produce force feedback w the user’s
finger tips. Simple precision grasps regquire three fingers,
therefore three actuators are neaded. With feur fingers (and
lour scwators) mos! precision grasps can be simulaced.

New actuarer techoology will allow: more actuators 1o be
placed in the palm and on the wenst, The ESPRIT Glove
(Stene. 19927 project, tor example, will use micro-acruaters
andd Revlar tendons 1o transmic force feedback. Other acru-
ator lechnelogy being mvestigated for portable masters in-
cludes Shape Memnry Metals (Gharaybeh, 1992), rheologic
Munls or polymer memory foams (Monkman and Tavlor,
19915, All have problems, either due to poor dyvnamic re-
sponse und large solume. therefore new microactuators arc
newded for VR masters,

2.2, Joysticks

Buth the Teleract amd the Rutgers Masier wre portable.
Freedom of mation in a large volune is an iroponant aspeet
of the “immersion™ requirement of Vinual Reality. In this
1espect portable masters difter from other inpul devices such
as Joysticks (Minsky, el wl. 1990, and (Schmult, LY.
Fuorce or touch feadback joysticks limit the hand motion to
i very small volume, In return they provide loree teedback
m both hund and arm, while today’s pemable maslers pro-
vidle [redback to the hand only. Jovsticks have ther weight
supperted by the desk, and therefore can use lange motors
and actuitors with very high bandwidth. This hindwudth in
tim allows the simulation of texwure, not just oech contact,
wheeh 15 another advanizge over the portahle masters de-
seribel above.
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Certain applications roay require the sumulation of grav-
ity effects during grasping. None of the devices described
so-far can adequately simulate the grasped object weight,
Iwata (1990) has developed o desk-top master that uses
small elecirical actuatngs 1o provide wist feedback as well
as force feedback on three tingers. This is illustrated in
Fig.3. This master can simulate gravity effects on vinuoal
obpcts.

3. Design and Integration Issues

Weight, compactoess and gomd dynamic response are not
the only critena f[ur the selection of appropriate miuu-actu-
ators,  Another impontant factor is the min/maximum force
capability. For now, pancumatic micro-cylinders have
proved wlequate. since wir can be provided with high enough
pressure to obtain sigmficant feedback forces. Tdeally these
forces should be high erough 10 produce “rigidity of
mation'", that is W prevent the user from further closing
hisher grasp. Tests lor the Ruigers Master and tts prede-
cessor PDMFF (Bunlea and Speeter, 195891 have demon-
strated up to 4N for each actator {almaost a pound force).
This force would correspond 1o 2.66-1 6Nfem” on o 15
2.5cm” fingerntip surface ure The forve generated is there-
fore & 10 14 times higher than the minimum sensilivity of
the human hand force receptors of 0.19N/em?®. The master
total force output {for three acruators) wus about 13N, This
is compared to the avernge malefemale maximuwn tip pinch-
ing force of 13-16N (An cr. al, 19801 Thus the force
feedback level was large enough o simulate a suhid object
in the grasp.

Touch feedback scwators need not have large foroe ca-
pability bul their compactness is criical.  Many acluators
need 1o be placed on the finger tips and other areas of the
palm and fingers. Micro-pins have been proposed, similar
1o the braille readers (Steele et al.. 1988), but this older
technology is not light or vompact ¢nough to be portable.
Shape Memory actuators may be a light and compact solu-
tion. Recently u tactile enbancement of the Data-glove has
been demonstrated using five Shape Memory acluators
placed one on each fingerip (Cunt, 1992).

A kev design parameler is the number of touch feedback
actuuters that need o be placed on each fingertip and in the
palm. Even one actuator per finger proved useful (Cutt,
1992). Therefore good twach sensation should not reguire
a one-to-one relationship between actuators and ractile re-
ceplors in the fingertip skin.  Stimuli at less than about
25mm apant are perecived as one (Sherrick and Cruig,
1982). Typically there is “cross talk” between tcule re-
ceplors, 5o several may respond to the saume signal. Another
argument for a smaller number of touch feedback acwators
is related to data refresh rates, It the wuch sensation needs
1o be transmtted remaotely on serial hoes, then the time
required to transmit the date grows with the munber of
acluators used by the master. A large number of acluitors
will then resull in considerable time delays.

The amnunt of position, tactile and force feedback data
depends also on the data refresh rate, There are wide dif-
ferences in literature on what constitutes “adequate’’ uch
and force feedback rates. [ligh bandwidih {such as those in
telerobotic systems ) cannct be attained presently due to rel-
atively slow graphics hanlware.
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Fig4. laluence of vimual foree forcback in task pecformance
andd task leaming (Richard ct. al., 15430

The immersion in Virlval Reality uses several senses,
such as sight. hearing and kinesthesss.  For sight we know
that the lowest refresh rate 10 vvoid image flicker and dis-
continuity is 16Hz. The question is how frequenty need
forces be updated? 1s 16Hz the minimum rate? The Jow-
level (spine) sensing loop has much higher bandwidth of
100-300Hz (Kokjer, 1987) for the tactile receptors, Touch
sensations are then used as input o the high-level luop.
Hogan (19891 estimates that the buman high-levelicortex)
torce complinnue contol loop hus a very low bandwidth of
abour [-2Hz, It is this control loop that 1y important as the
Virtual Simulation loop 15 closed by the user in a posttion
feed-torwand force feedback loop,

The peosition feed-forward Joop measured by input de-
vices such as the Dataglove provides a maxvnum refresh
rate of about 30Hz, This rare diops 1o 15Hz when wo
position trackers are used. The pruportional air controllers
used by the Rulgers Portahle Force Feedhack Master have
2 handwidth of 10-151Le. Overall the force feedback loop
has less than 10Hz bandwidih. Even this low bandswidth
improved task pertormance as discussed in the “human
fuctors™ section.

Diata refresh rate for other types of virual mteraction is
much tugher. For example. general lexiure sensing needs
abuut 500 o 100011z (Minsky etal, 1990), while virtual
music playing may need as moch as 8OOHz (Cadoz, 19921,
These applications are using desk-top input devices, thus
avoiding the use of a sensing glove, Freedom of moticn is
subsequently sacnficed.

A non-anthropumarphic master with a redoced number
of actuators, such as the ones previously described, reguines
kinemati: trunsformations in order 1o determine the actual
feedback forces from the caleulated virtual forces. These
tanstormations need o be dong in real-rime and represeat
an adiitional burden on the compuning resources. As more
objects share the same Virtwal Environment and as the sim-
ulation hecomes more realistic (with second order mechan-
ics). the computational load may become critical.  This
motivates the need f(or distributed systems 1Appnn et al.
19925, (Grimadale, 19913 1Burdea et al.. 1993} which can



hundle such a large computation load.,

4. Human Factors

One area of human factors research has become the study
of operator’s interaction with virmual objects through varous
sensorial channels, 1t s inwitive that force and ooch feed-
hack are beneficial in such interactions, but few studies have
attemnpled to substantiate thus. One such study has used the
Rulgers Muster on 10 subjects (five male and five female)
{Richurd et. al.. 1993), The tests involved grasping virtual
abjects fmst in open-loop, then in close-loop with vision and
forve feedback and finally n close-loop blindfolded. Each
test was repeated 12 tomes,  The results showed that the
fonve teedback reduced the sk average error rate by 50%.
The leaming time requined by the subjects for a givea task
was ilso redoced by S0¥%,  This is illustrated in Figd.

Another arca of human fuctors research is the safery of
force feedback masters. The Jevel of feedback forces need
not be large enough w produce accidental hand injury. The
approach taken at Rutgers was 10 have a fail safe system, in
that the actuator’s maximum truvel did stop at a location
eomesponding 1o a fully extended hand. Tn this way the
user’s fingens could not be pushed backwards past this po-
sition, and thus produce njury. The drawback is o reduction
in the muster range of motion.

Satety issues will become more complicated as the feed-
hack masters are extended from the user wrist 1o the elbow
and shoulder.  In such a configuration the force feedback
devices should provide a safety batton, similar (o that used
with many present rohots, I both arms weur master
“sleeves™, then the safety button may become o safety
pedal, 1 full-body feedback is provided (some tlime in the
future!l, then woice commands should be uvsed to
“freeeefunfreeze™ the feedback suit.

5. Applications

Force and touch feedback opens the door fur new appli-
cations of virtwal reality in medicine. entertainment and the
military, As digital models of the human body ure devel-
oped, il should become feasible to explore such models in
Virmal Reality. These body explomtions may become very
powerful wols for both students and for experienced prac-
titioners, One medical application can be in surgical plan-
ning and iraining. in order W reduce the potenrial errors und
ierease pracice period (Satava, 1992).

Another medical application of virtual force feedbuck is
diagnostic and rehabilitation for ditferent hand mmpairments.
In the future it may be possible to eliminate the need to
develop different grips or fixtures for different tests. Instead
we should use the simulated environment o introduce dif-
ferent grips to evaluate the patent's pefformance. By mon-
itaring the finger feedback [orces a patient recovery history
from hand mjury may be mabized and the treatment
customized (Burdea. 1992-c),

Foroe amd touch fecdback extend Virual Reality in other
areas such as entertainment, While home based syslerns are
stll in the future, commercial video-arcade products such
us the “Viruality ™ system have recently emerged (Waldern,
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1992}, Ome of the enhancements of the system are pneu-
matic bellows placed in the player’s hand, which influte
when virtual objects are grasped.

Another application area is the simulation of mlitary
missions, Flight and battle simulation are well known, how-
ever less known is the use of virtual reality to tran troops
in mine disposal {Rousscau, 1992). Here the future ability
to produce force and touch feedback will be a definite plus
in the simulator, and could save hives,

6. Conclusions

Vinual force feedback is sull m its beginnmngs, with
many new developments expected in (he next years, Pres-
ent actuator technology allows for portable, compact and
safe systems with relatively few degrees of freedom, New,
more compact actuators should allow more degrees of furce
feedback, but may also make the systems more costly and
more computationally intensive.  Applications of virtual
forve feedhack are expected o revolulionize many areas
such as medicine, entertainment. teleconferencing, or the
military. More hurmin studies are needed (o determine per-
formance tests and develop design standunds. These new
standards should appear as the field matures,
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