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Introduction

This paper is about using the sense of touch, the hapti c
system, as part of our everyday interface wit h
computationally created worlds .

In Part I, we discuss a particular system, called Sandpaper,
designed for experimenting with feeling texture . In part II,
we discuss how control analysis helps us understand th e
behavior of the types of hardware and software we use t o
implement force display .

We will not comprehensively review the literature of forc e
display devices and their applications; descriptions can b e
found in e .g . [Sutherland651, [No11721, [Batter721 ,
[Atkinson77l, [Brooks88j, [Ouh-young881, [Smith881 ,

Part I

Force display technology works by using mechanica l
actuators to apply forces to the user, By simulating th e
physics of the user's virtual world, we compute these forces
in real-time, then send them to the actuators so that the user
feels them, The force display technology we use in th e
Sandpaper system is a motor-driven two-degree of freedo m
joystick (built by Max Behensky and Doug Milliken) . The
joystick position is reported to the software, whic h
computes the appropriate forces for the joystick's motors .

Why create texture?

Force display is especially useful for communicating surface
texture and bulk properties of objects and environments a s
well as dynamics of objects . In this way force display
technologies augment the strengths of computer-generate d
graphics and sound in creating convincingly realistic
environments (figures 1, 4) .

In the Sandpaper system, we use a novel technique to allow
the user to feel textures. We create very small virtua l
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springs which pull the user's hand toward low regions an d
away from high regions of a texture's depth map . We
synthesize finely spaced grooved surfaces and also use
depth data from Perlin's noise textures [Perlin851 an d
fractals supplied by Pentland [Pentland841 . We also create
feel-able physics such as variable viscosity soups, springs,
and yo-yos (Color plate U .

We believe it is particularly important to allow the user t o
make exploratory motions as if they were touching rea l
objects and materials [see Lederman871 . This informs ou r
empirical studies and our design of future force displa y
devices.

Surfaces as perceived by the human haptic system derive
from a complex combination of shape and materia l
properties . Texture is one of the most important suc h
properties . What is salient about a surface may also involv e
other percepts, such as softness, apparent temperature, and
so forth [Katz251 . We believe that we can make compute r
interface systems which can synthesize all of these; in order
to do that we need to understand both the perceptual an d
computational issues .

Figure 1 Photo of "Sandpaper" System In Us e

Empirical Studies of Roughness Perceptio n

Our application is a computer-supported software an d
hardware system to do research on texture perception .
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The system was designed as a laboratory for conductin g
experiments on touch and haptic perception . An experiment
we envisioned is the following : the user is presented wit h
several pieces of sandpaper and is asked to arrange them i n
order of roughness, exploring them by finger touch, an d
sliding them on a table in front of him . This experiment
takes place in a virtual environment using a force feedbac k
interface ; the textures are created computationally wit h
characteristics controlled by software. (Our experiments ar e
adapted and simplified from psychophysical studies b y
Lederman and others; see, for example, [Lederman72l . )

We created patches of texture intended for testin g
roughness perception . There were two major goals : first, t o
provide a flexible testbed for testing human perception of
roughness and for creating the stimuli for such experiments ;
and second, to understand differences between the
perception of computationally created textures and th e
perception of real textures in the interest of creating texture s
which sustain the illusion of objects in virtual realities .

Evidence that texture simulation work s

In a pilot study, subjects believed that they were feelin g
patches of textured material .

In an anecdotal experiment, subjects were presented with a
variety of textured patches (visually masked) in the
Sandpaper environment . They were asked to arrange th e
patches in order of roughness . Subjects ordered the patche s
with a moderate degree of consistency. We interpret this t o
mean that subjects are able to judge roughness of these
patches, and can discriminate degrees of roughness . Since
we use a variety of surface models, we do not know which
aspects of the simulated surfaces contribute to the perceived
roughness .

In another pilot study subjects were asked to adjus t
parameters of a patch . They were asked to find the
minimum and maximum values of a parameter withi n
which a patch feels like it has a "surface texture" . In
particular, we allowed subjects to adjust a force amplitud e
parameter (which may correspond to bump depth), fo r
patches with Perlin noise and fractal depth maps . We
allowed subjects to adjust a parameter corresponding to th e
spacing of grooves in a very simple model of groove d
surfaces . With a small number of subjects, we saw
suggestive consistency in these results .

Pilot studies of roughness perception suggest that we can
successfully create varying degrees of perceived roughness .
However, the spatial parameters that determine perceive d
roughness of virtual grooved surfaces may not be the sam e
as those which are correlated with perceived roughness fo r
real grooved surfaces as observed by Lederman and Taylo r
[Lederman721 . Preliminary data suggests that roughness o f
simulated surfaces may be closely correlated with spatia l
frequency, although there are several other likely
hypotheses .

How to Create Simulated Texture s

First, we oversimplify by saying that texture is made of littl e
bumps . The little bumps are surface features in the rang e
from a few microns up to millimeters.

Previously, we had created the illusion of bumps an d
valleys by the following trick : As the user moves th e
joystick in a direction which is "up" a bump, his motion i s
opposed by a spring force proportional to the height of th e
bump. This gives the sense that it is very difficult to move t o
the top of the bump (springs resist being stretched), an d
easy to fall off the bump back into a lower region of th e
simulated surface (springs like to revert to a short length) .

We had made fairly large scale bumps whose apparen t
heights were determined by the stiffness of the surroundin g
springs . This technique has been used by several group s
working with force display technology to create artificia l
detents (spring force toward the bottom of the detent) .

We extended this technique to fine grained surfaces b y
computing spring forces based on a local gradient : As th e
user moves the joystick on the virtual surface, the change i n
height in the direction of motion is noted . We create virtua l
springs opposing the motion "up" the sides of each tin y
bump. Thus the spring forces applied to the hand are
computed from local gradients of the height of the surfac e
(figures 2,3) .

Force

Figure 2 Gradient Technique : enlarged cross section o f
surface depth ma p

The texture forces are computed in real-time from a textur e
depth map. In some cases the depth map is stored and i n
some cases it is computed on the fly from a procedura l
representation of the texture .

Our system associates a screen picture with each patch .
Usually we associate a shaded rendering of the appropriate
texture with what the user feels as he manipulates th e
patch . Sometimes, for purposes of our experiments, we
"paint over" the patch to give little visual feedback;
sometimes we even display conflicting visual information .
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Figure 3 Gradient technique ; detail of local spring force
computation for x direction ; y direction is simila r

Force Display Requires Real-Time Physics and
Animation

The approach outlined above for simulating texture is a
combination of lookup of material properties and real-tim e
computation of system dynamics . In the texture
computations described above, we compute forces locally .

Textbook objects

This approach implies a physical interpretation of th e
algorithm for generating forces . Any physical system can b e
created from a combination of ideal "textbook" objects :
springs, dampers, and masses :

Force = k*position .

Force = b*velocity

Force = m*acceleratio n

For textures, we currently compute forces based on loca l
position information, which we then interpret as virtua l
springs . Sometimes we compute other dynamics as well in
order to simulate material properties other than local slope .
For example, we sometimes apply viscous damping force s
to stabilize our simulation (see Part II) .

In fact, in our system we model a variety of non-textura l
physical systems as well, We needed to perfect our model s
of pure springs, dampers, and masses in order to create
textures, and we also have patches of materials such a s
molasses and ice, and patches containing bricks to push ,
lassos to twirl, and independently moving objects which tr y
to drag the user's hand about .

In general, to model any dynamic system, we model a
combination of the user and the force display device itself.
We must sense the position, velocity, and acceleration of th e
joystick, and then use geometry and equations of motion to
compute the appropriate output forces ,

We can compute modest physical setups and animate d
displays in real time . Sometimes it is easier or necessary to

precompute forces, or some other aspect of the environmen t
that will be queried to produce the forces . For example, a
square-wave grooved surface should be easy to produc e
purely procedurally, but its very steep walls cause loca l
instabilities in the physics simulation (see Part II) . We have
to filter the depth map of the grooved surface in advance . I n
general, this kind of filtering is too slow to do in real time .

Physical modeling in a sampled, digital world require s
attention to signal processing techniques. We learne d
several techniques which allowed us to increase fidelity to
real-world physics and stability . The spatial filterin g
mentioned above is an example, We also temporally smoot h
our acceleration and velocity data . This can smooth the fee l
of the simulation, at the expense of increased apparen t
viscosity, mass, and lag . Thus some techniques required u s
to make tradeoffs to achieve reasonable results .

Figure 4 Block Diagram of Hardware Syste m

Patches of Feel-able Material are Object s

Since our primary aim was to create moveable patches o f
textured surfaces, we decided to represent each patc h
visually as a rectangle on the screen that could b e
manipulated by the user .

Internally, a patch is an object with state . Each patch i s
associated with either a procedure that runs each clock tick
to produce forces, or with an array of precomputed force
values to be looked up on the basis of joystick position . The
patch is associated with its visual representation, a patter n
or a bitmap .

Each patch has several parameters . For example, a patch
representing a finely grooved surface has parameters for th e
height and spacing of the grooves . A patch may also have
other parameters : for example, the viscosity of the virtua l
medium in which the user's hand is moving, or th e
apparent mass of the joystick . The Sandpaper system allow s
any of these parameters to be controlled by screen-base d
sliders which the user can adjust .

This approach to the design of the system was vital for th e
kind of empirical work now required . For example, i n
creating a simulation of a mass (think of wielding a brick o n
the end of the joystick) there were several parameters whos e
values were critical (mass, viscosity, spring constant, an d
temporal filter coefficients) . By tuning these parameters i n
an interactive loop, and feeling the response of the system ,
we were able to create stable masses . However, ou r

Spring

Damper

Mass
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experiences with empirically varying ill understoo d
parameters prepared us to appreciate the analyses offere d
in Part II !

The ability to create patches in the same family, but wit h
different parameter settings, and to vary the parameters of a
patch in real time are important not only to the
implementor of virtual materials, but also to th e
experimental psychologist who is a user of our system . For
example, an experiment can be designed in which th e
subject is asked to vary a texture until it matches a
reference .

How Much Must the Environment Suggest Physical
Reality?

Interface metaphor and graphics must enhance the touc h
illusion of virtual patches of textured material that can b e
directly manipulated by the user . We used direc t
manipulation conventions from the Macintosh interface a s
much as possible . A challenge was to keep the visua l
contents of the patches constant as they are dragged ; thi s
quality of animation is vital for a sense of physical reality .

We tried various experiments to increase the sense o f
physical reality . What should happen when the user want s
to move a piece of sandpaper? Should he be able to pick i t
up? We simulated this by having it become the topmos t
layer . Should it slide? We simulated this by maintaining a
two-and-a-half-d ordering of the patches according to th e
order in which they were originally placed on the table .
Each of these strategies gives the user a different impressio n
of the physical environment in which he is manipulating th e
material . These are visual strategies . The next step is t o
model the physical interaction forces between the patches s o
that heavier materials are harder to drag than light ones ,
and rough materials are harder to drag past each other than
smooth ones .

The haptic sense as it is used to explore an environment, is a
combination of cutaneous and kinesthetic senses wit h
intentional exploratory motions . We believe that users '
freedom to perform the appropriate exploratory motion s
strongly affects their perception of a simulated physica l
environment .

Lederman and Klatzky [Lederman87] assert that
stereotypical hand motions are associated with exploring
objects for certain features . In particular, "lateral motion" i s
associated with texture . In pilot studies within the Sandpaper
environment, we observed that subjects used thi s
stereotypical motion when asked questions about textur e
properties of patches . Subjects complained in a variety o f
ways when patches were too small to allow this motio n
while staying within the patch ; making the patches bigger
removed these vague discomforts .

The joystick interface raises the question of whether
perception in the Sandpaper environment is more like
perception of objects directly with the hand or perception
through a handheld tool . Although the joystick ostensibly
resembles a handheld tool, we have had some success i n
bringing the perceived location of our textured surfaces
very close to the hand, by building an apparatus tha t
changes the physical appearance of the joystick and the way

the hand can grip it .We cover the joystick with a black box,
and mount a ping-pong ball on its end . The ball appears t o
be sliding a flat black surface . About one half of our subject s
perceive the textured patches with this arrangement to b e
directly beneath the hand .

Conclusion : Moving to higher level descriptions

We have emphasized description of texture in terms o f
mechanical impedances and low level physical models . I n
fact, geometric and physical models are our way now t o
implement feel-able physical and shape properties o f
objects .

It is important to move to descriptions at higher level s
including those informed by perceptual dimensions ,
detailed knowledge of which we hope to gain throug h
further perception experiments . For example, we would lik e
to describe a surface in terms of degrees of roughness ,
softness, and stickiness rather than in terms of density and
placement of tiny bumps .

Our planned perception experiments should uncove r
mappings between these percepts and the physica l
parameters of our simulations .

We can then make higher level descriptive building block s
to create full three dimensional virtual worlds containin g
passive and active objects and ambient media .

Future

Further quantitative studies on texture perception must b e
performed using simulated surfaces . In particular, we ar e
developing better models of grooved surfaces to be used i n
studying roughness perception .

We will report on studies of the roles of texture and other
properties of simulated objects perceived by the hapti c
system in virtual worlds . We emphasize observations of th e
motions made by users, in order to understand how
exploratory activities used in the real world may be used in
virtual worlds . It is as important to integrate our system
with sound cues as with visual cues ; that is part of our wor k
in progress .

We are beginning work with a three degree of freedo m
joystick (x,y,and z) [Smith88, Russo90], and will compar e
our two-degree-of-freedom results with those obtained i n
true 3D. We expect to map our textures onto the surfaces o f
three dimensional objects, and also to create soft surface s
and "volume texture" .

We will report progress and recommendations in usin g
force display in particular virtual worlds ; for example ,
teleoperation, surgical simulation, and sculpture .
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Part II: Control Issues in Force Display

To analyze the methods for creating an illusion of feel
in Part I, we investigated a variety of control issues i n
force display :

1. Analyses to address the question : What is the re-
quired system updating rate for system A doin g
simulation B? Analyses using control theory yiel d
the stability conditions among sampling period, mass ,
stiffness, and viscosity in various simulations .

2. Measurements on a force-feedback joystick and an
ARM (Argonne remote manipulator) . The exper-
imental data support our predictions from theory .
We used the Sandpaper system to conduct several
interesting experiments, and used the analyses i n
control theory to explain these strange phenomen a
(some of which are counter-intuitive) .

3. Measurements on the human arm . We followed
Hogan 's approach and found that there is a sig-
nificant difference in human arm impedance be-
tween radial motion (forward-backward) and tan-
gential motion (side-to-side) when holding a joy -
stick [Hogan89] .

What destroys an illusion of feel ?

In general, data conversion and computer speed lint -
its the attainable sampling rate in force display. For
real-time computer graphics, 15-30 frames/second per-
formance proves enough for acceptable visual illusions .
What is the minimum sampling rate for good perceptio n
of force through a human arm? This question relates t o
human response time, human arm dynamics, system per-
formance, and what is being simulated .

One thing is certain, if the system is inherently unsta-
ble, the illusion of a real object is destroyed immediately.
Another criterion common both to computer-generate d
images and computer-synthesized force fields is that th e
displayed object cannot jitter if it is supposed to be sta-
tionary in time . Noise (quantization noise, thermal nois e
in potentiometers, noise in transmission lines, and nois e
in electronic components) in input data causes jitter prob-
lems . Bad force-field simulation/system dynamics cause s
inherent instability, which is intimately related to th e
sampling period .

Impedance control theory

How to create an illusion that one is holding a rea l
object? Let's be more specific . Given a computer con -
trolled joystick, can we simulate the dynamics of a spring -
mass system including its mechanical impedance (mass ,
stiffness, viscosity)? If we can simulate the mechanical
impedance then one cannot tell whether an object is rea l
(using tests of Newton's three laws of motion) . In theory ,
we can do this simulation, if we can measure the position ,
velocity, and acceleration of the hand-controller precisely,

and can calculate and deliver the outputs continuousl y
and without lag .

The following analysis follows the impedance contro l
theory introduced in [Hogan87] . Suppose the joystick ha s
mass m, stiffness k, and viscosity b . Define position a s
x, velocity as v, acceleration as a, the force generate d
by the motor controlled by a computer as F,, and forc e
measured by a force sensor as Fe t (Fig . 5) .

hand

motor

Figure 5 : A joystick system

ma+be - kx -F, —Fe,t

	

(1 )

Suppose the target virtual spring-mass system has
mass M, stiffness K, and viscosity B, then the force mea-
sured at the sensor i s

—Feat=Ma+Bv+K(x—xo)

	

( 2 )

where xo is the rest position . From 1, the force require d
at motor is

Fp=ma+kx+bv+FF.xt

	

(3 )

from 2, let 1/M = W

a=kV[K(so—x)—Be—Fe,, ]

substituting 4 into 3

F, _ mW[li(xo—x)-Bv]+kx+bv+Fe , t (1-mil/) (5 )

Equation 5 says that if the position x, velocity v, an d
the force from sensor F'ext can be measured, the syste m
can simulate any object by controlling motor forces only .

A method for creating an illusion of fee l

The goal is to simulate a spring with stiffness 1K, mas s
Al = in, and no viscosity. Instead of doing the detaile d
simulation in the ideal case, we choose to use a very simpl e
method : let the joystick synthesize the spring force base d
on position feedback only . The question becomes, wha t
does the human arm really feel ?
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Let F d = K(xo — x) in our simulation . From Eq. 5 ,
assuming joystick stiffness (without power) is zero .

— Feet

	

—[K(xo — x) — ma — bv]

	

( 6 )

ma + bv + K(x — x0 )

The true behavior of the system, and so the feel t o
the human arm as an external observer, is like holdin g
a spring with stiffness K, mass m, and viscosity b . Al-
though this is not exactly the target spring system (mas s
m, stiffness K,viscosity 0) in simulation, it is close to th e
target system if viscosity b is small .

With this simple approach, we successfully built dy-
namic models in Sandpaper system, and a molecular dock-
ing system . In the docking system, let F e = E f (xi), x i

is the position of atom i, and f () is a molecular force fiel d
function (color plate 2) [Ouh-young 88] .

Contact instability and the human ar m

Ideally a computer controlled joystick/hand-controller
can simulate any target dynamics . However, in practic e
almost all systems have contact instability problems nea r
a wall (a hard surface) . There are several reasons ,

1. If a digital computer is used in simulation, samplin g
delay can make a stable system unstable .

2. If one doesn't have measured external force Fe,x t ,

and approximates it with a velocity derivative, nois e
and delay are introduced .

3. The two different locations for sensor and actuato r
cause an instability problem (the non-colocatio n
problem) . The dynamics of the link (for example ,
the lower-arm of the ARM) itself are usually no t
properly modeled : the link is not a point mass ,
but is actually a distributed mass [Colgate 89] .

Of course, one can make the system stable by addin g
extra viscosity, or by reducing the stiffness of the sim-
ulated hard surface . The former makes the human fee l
resistance and sluggishness even in free space, wherea s
the latter makes the hard surface spongy.

To make the problem even more complicated, the sys-
tem is far from linear . The human operator's own phys-
ical characteristics are involved in the feedback loop i n
exploring the virtual world, and he changes those param-
eters dynamically and radically . Lanman reported huma n
elbow stiffness to vary from a minimum of about 1 .4 N-
m/racl to a maximum as high as 400 N-m/rad [Lanma n
80] . Cannon and Zahalak's measurements showed tha t
both the limb's natural frequency and damping ratio var y
with muscle activation [Cannon82] .

Theoretical analysis [Murray 88] showed that a second -
order model with parameters varying with muscle activa-
tion and elbow angle was unable to reproduce experimen-
tal observations . A simplest competent characterizatio n
required a fourth-order model . A fifth-order model wa s
used by Hannaford [I-Iannaford89] .

Hogan has experimental data to show that a huma n
arm can be accurately modeled as a passive object wit h
constant impedance for periods up to 1 .2 seconds [IIogan89] .
That is, it takes that long to change muscle impedance ,
rather than the 200 ms neuromuscular response time on e
might have expected .

All these data make satisfactory hard-surface simula-
tion unlikely . But here is good news . First, multiple -
sensory illusions (vision, force, sound) reinforce each other .
Second, even though the system may become unstabl e
during the simulation, the human operator can compen-
sate or avoid it .

Analysis

What will be the behavior of the spring-mass syste m
when a human arm is combined with it? Assume th e
human arm can be modeled by a second-order system
with mass Mh, stiffness Kh, and viscosity Bh . If the arm
is not generating forces, the system dynamics equation
becomes

(Mh + m)a + (13h + b)u + (Kit + k) * (x — x0) = 0 (7 )

where e = acceleration, v = velocity, x = position ,
x0 = initial position, m = mass of joystick, b = vis-
cosity of joystick, and 6 = stiffness of a virtual spring .
The natural frequencyf of the system is given by 27r f =

3(Kh -~- k)/(Mh + m) .

Delayed analog analysis

One way to predict the dynamics of Eq . 7 is to use
analog control theory, and add a time-delay componen t
in the feedback loop (Figure 6) . We give a simple analysi s
of a spring and mass system (mass M, spring constant K ,
and viscosity B), with the human arm not included a t
first . Even though the delay (e —'T , T is the delay in
seconds) is introduced, this is still an analog controller .
We use this model to get some insights before going o n
to the complicated digital controller .

Assuming that the product of the delay T and the nat-
ural frequency s is small, say less than 0 .1, then e — ` T ca n
be approximated by second-order Taylor series expansion .

e —sT =1—sT+1/2s 2 T 2

	

(8 )
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X(s)

	

delay

	

F(s)

	

force

t-

	

H(s )

where K = spring constant ,
H(s) = 1/(Ms 2 + Bs), M : mass, B :viscosity ,
delay = e',T: sampling perio d

Figure 6 : An analog system with delay T

The transfer function between output force and inpu t
position become s

F(s)/X(s) = Ke—eT /[l + KH(s)e —`T]

(Ms 2 + Bs)Ke — ° T/[K + (M +

1/2KT2 )s 2 + (B KT)s ]

By the Nyquist stability criterion, if one of the poles o f
F(s)/X(s) is located on the right-half of the s-plane, th e
system is unstable . The poles of' F(s)/X(s) are equal to
zeros of X(s), and are given a s

[(KT - B) ± -V(B KT2 - 4(M + 1/2KT 2 ))] /

(2(M + 1/2KT 2 ) )

The system becomes unstable if KT — B > 0, wher e
K is stiffness of the system, T is delay, and B is viscos-
ity . This is an approximate solution . There is a constan t
C involved in this relation, i .e ., T > C*B/K, and C i s
shown to be approximately 2 in more detailed discret e
simulations .

When the human arm is combined with the system, le t
KKh+k,M=Mh+tn,B=Bh+b,andT<C*B/h "
still holds (see notations in Eq . 7) .

A true discrete analysi s

With a discrete model the solution is not in closed form ,
and we have to use numerical simulation to get insight s
from it .

Doing so we made the following observations . Let T'
be the maximum sampling period that makes the syste m
stable .

1 . T* is linearly related to 1/K, where K is sprin g
constant .

2. T * is linearly related to viscosity B over a wid e
range, and then becomes nonlinear (when 13 > 1 6
N-sec/m) .

3. T. is actually not related to spring mass M whe n
the mass is over a threshold (0 .02 Kg) .

To understand this solution, suppose B (the viscosity )
is small, as in many virtual world sinutlations, and I{ (th e
spring constant) is big, then the system delay T can easil y
be bigger than 2*B/K . A typical example would be B =-
1 .17 N-sec/m (joystick), a strong spring K = 400 N/m ,
and T > 2*B/K = 5 .9 ms can cause instability . This
places a severe restriction on the force fields that can b e
simulated by a slow update-rate system .

Similarly, if one simulates "stirring a rod in a tank o f
viscous oil" by F, = Be, where v is the joystick velocity ,
B is the desired viscosity, the stability condition is T' <
Cl * M/B, and Cl = 2 .

I-Iard surface simulation with low sam-
pling frequency

The following is an interesting experiment constructed t o
test the results from above discrete analysis .

Procedure : In hard-surface simulation, le t
the system first run at 1000 IIz, then ru n
at 250 IIz, then run at 100 IIz . Running a t
100 Hz, when one bumps into the hard sur-
face, the program increases viscosity to thre e
times of human arm viscosity (5 N-sec/m ) ,
i .e ., Bs

	

15 N-sec/m .

Results : At 1000 Hz, the system is stable ; a t
250 IIz, the system is unstable ; at 100 IIz .
the system is stable again . At 100 Hz, th e
subjects "feels" the same hard surface as i f
the system was running at 1000 IIz .

Parameters in this experiment .

	

Ks Kh

	

Bs Bh Bs (within hard-surface )
2773

	

400

	

1 .17

	

1 5

Mh (in Kg), Kh (in N/m), Bh (in N-sec/tn) are huma n
arm mass, stiffness, and viscosity ; Ms (in Kg), Ks (i n
N/m), Bs (in N-sec/rn) are joystick mass, stiffness, an d
viscosity .

Explanation : in order to be stable, T < 2 * (Bs +
Bh)/(Ks + Kh) . The system is unstable in hard surfac e
simulation at 250 IIz, since (5 + 1 .17) * 2/(2773 3- 400) _
3 .84 ms = 260 IIz . If the program increases Bs from 1 . 2
to 15 N-sec/m, three times of human arm viscosity, eve n
the lower sampling rate (100 IIz) makes the system stable ,
since (5 + 15) * 2/(2773 + 400) = 12 .6 ms = 79 Hz .

In our experiments, the subjects did not feel the viscos-
ity difference, however, it helps tremendously in reducin g
the required sampling frequenc y
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This was a very useful observation, and it shed ligh t
on other implementations . Possible conditions when th e
viscosity can be added without the loss of performanc e
(in terms of human feeling) are :

1. within the hard-surface, which needs geometry in -
formation .

2. in any region where the equivalent stiffness is abov e
a threshold (which causes instability at the give n
sampling rate) . This can be implemented as a sim-
ple threshold function: if 2B/K > T, let Bnew >
TK/2 .

Hard surface simulation with two dif-
ferent hand motions

Procedure : use the joystick to bump into a
hard surface, which is simulated by a sprin g
with stiffness 2773 N/m, with sampling pe-
riod at 2 .8 ms .

Results : the tangential motion (side-to-side )
is always unstable, but the radial motion (forward -
backward) is always stable for all thirtee n
subjects (graduate students in the graphics
laboratory) .

Parameters used in this experiment .

Explanation: there is viscosity difference between ra-
dial and tangential motion . The stable condition is T <
2 * (Bs + Bh)/(Ks + Kh) . In the case of tangential mo -
tion, the system is unstable since 2*(1 .1-1. 3)/(2773-1-400 )
= 2 .6 ms is smaller than the required sampling period o f
2 .8 ms . However, in the case of radial motion, it is sta-
ble, since 2*(10+1 .1)/(2773+400) = 7 .0 ms is well above
2 .8ms .

Two puzzles about the behavior of hu-
man arm s

We encountered two puzzles during the study of forc e
display . First, how can the normal human be stable, eve n
though the neural-muscular response time is around 20 0
ms? The puzzle was raised when the joystick we use d
had a sampling frequency of more than 30 Hz and stil l
could easily be unstable . Is it because the human arm has
a better way to compensate the system dynamics? Th e
other puzzle is that even though the joystick samplin g
frequency was increased from 500 Hz to 1000 Hz, th e
human arm could still feel the difference in some cases .

In drama and literature, the human arm has been por-
trayed as the wings of a swan, the fists of a bear, th e
hammer that strikes the bell, and a piece of iron in a
warrior . These magic tasks of human arms were create d
by illusions that looked realistic to human eyes .

Why is human arm always stable for a healthy person ?
If we assume that the human arm is implemented by a
digital controller, the sampling period T must be smalle r
than 2*Mh/Kh in order to be stable . Typical values o f
Mlr = 0 .8 Kg and Kh = 500 N/m show that T mus t
be smaller than 3 .2 ms! Obviously this is not a correc t
model, since the known human neural-muscular respons e
time is much bigger than 1 .6 ms, and is around 200 ms .

Hogan coined a term digitally supervised analog contro l
[Hogan87] . The idea is that an analog controller can elim-
inate sampling problems, at the same time allowing som e
control parameters to be updated by a digital compute r
infrequently and asynchronously .

Similarly, here we can think of a human arm as an
analog controller supervised by the mind . But this mech-
anism is not perfect . Suppose the human arm wants t o
act like a piece of paper floating in the air, or an iro n
with big mass, the digitally supervised analog control i s
simply inadequate . The reason is that even though th e
human arm can sense the external force and change th e
muscular force, stiffness, and viscosity, the time delay i s
too big to make the arm act like a paper or an iron . Try
the task of letting your hand behave like a piece of pape r
encountering a striking stick . Although one can see th e
coming stick by its trajectory, and feel its contact wit h
the skin, it is impossible for one to make one's hand ac t
like a piece of paper .

The second puzzle is that even though the joystick sam-
pling frequency is increased from 500 Hz to 1000 I1z, th e
human arm can still feel the difference in some cases .
Considering that human neural-muscular response tim e
is about 200ms, this phenomenon is hard to explain a t
first . Our explanation to this puzzle is that although th e
joystick is running at 500 Hz, it may be unstable at tha t
frequency when it is stable at 1000 IIz . The vibrations
caused by this instability can be sensed by human hand ,
since there are skin sensors tuned as high as 400 IIz (sen-
sitive to a range from 2 Hz to well over 500 Hz) [Slher-
rick86] . If the system is stable under both sampling rate s
(500 Hz and 1000 Hz), we observe that there are no gros s
differences in force perception in a few simulations in th e
Sandpaper environment . We hypothesize that the stabil-
ity of a simulation is a major criterion in differentiatin g
between them .

Conclusion

We did not use all the theories in designing our firs t
systems. When problems came one by one, we realize d
that an analysis would be useful . The analysis helped
us understand and improve the performance of our cur-
rent systems, and we believe it will also contribute to th e
design of new force display systems .

B sK hKs Bh (tangential )
3

	Bh(radial )
1 01 . 140 0	 2773
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Color plate 1: The Sandpaperenvironment screen display. The patches have textures, animated o~ects, or materials in 
them. The user can feel these when holding and moving the force feedback joystick. The sliders on the left adjust the way 
each patch feels. 

Color plate 2: The molecular docking system uses a master statbn of a remote manipulator system (ARM) as a.6-D force and 
torque interface. The purl:x::~se is to find the best fit of a drug inside a receptor molecule. ll~e drug in white is methotrexate, an 
anti-cancer drug; the receptor in blue and red is dihydrofolate reductase, an enzyme. 
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