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Abstract

Can haptics be effective in low power and hand held applications?
Inevitably a haptic device which meets the strict weight, power and
volume requirements of a hand held device will be capable of only very
small forces and displacements compared to existing desktop devices.
This leads to two aspects to the question. What are the weakest
haptic effects that can be effectively used by humans interacting with

a haptic device? And how can haptic devices be designed to operate



at or just above these low levels while maintaining both the weight,
power and volume constraints and effective outputs?

This paper will describe experiments involving exploration of 1-D
surface profiles using a single finger in the flexion extension plane and
the (Finger-tip Haptic Display) FHD, a 2 DOF, low friction, direct
drive, planar haptic display capable of high fidelity representation of
virtual surfaces. Using a forced-choice experiment incorporating an
adaptive threshold algorithm, we measured the weakest haptic effects
that are detectable via the haptic interface. In the first experiment,
the subject is presented with two targets 5 mm wide, spaced 10 mm
apart, and located on a horizontal line. The haptic force on one ran-
domly chosen target consists of a tangential force beginning at each
edge of the target, and pointing inward, toward the target center. We
use the converged adaptive force threshold value as characteristic of
the smallest detectable haptic effects that can be communicated by
our specific haptic device (FHD) to a specific subject. Data for 7

subjects indicates an average human/machine threshold of 30 mN.



1 INTRODUCTION

The engineering of haptic interfaces is a new and rapidly evolving field which
generates many technical challenges and research issues. Control of a haptic
device has a unique complexity: interaction with a human operator. This
interaction is difficult to model, highly non-linear in nature, and has demand-
ing computational requirements. In addition to these constraints, the haptic
device itself needs high bandwidth, high stiffness, low friction, and low iner-
tia. Achieving all these properties simultaneously in a single realized design
proves quite difficult.

A new and interesting direction of haptics research is that of small scale
haptic devices. uch a haptic device could provide a better mouse substitute
for laptop computers or augment the ability to fully utilize advanced per-
sonal digital assistants As and cell phone features. These applications,
however, severely restrict the weight, power and volume consumption of the
device.

This paper is part of a larger pro ect which aims to answer the question:
Can haptics be effective in low power and hand held applications Inevitably
a haptic device which meets the strict weight, power and volume requirements

of a hand held device will be capable of only very small forces and displace-



ments compared to existing des top devices. This leads to two aspects of
the question. hat are the wea est haptic effects that can be effectively
used by humans And how can haptic devices be designed to operate at or
ust above these low levels while maintaining both their weight, power and
volume constraints and effective outputs
ur pro ect see s to quantify the wea est haptic effects that a sub ect
can detect with a practical haptic device, and then find the threshold at
which these effects become useful.  any psychophysical experiments have
been conducted on the sensitivity of human touch. tudies on perceptive
acuity and raille have contributed well designed techniques and adaptive
thresholding algorithms to the study of human sensory perception tevens
et al. 1 . ther psychophysical experiments have quantified the acuity
of human spatial perception oy et al. 2 . owever, these studies
measure the threshold of human perception, which differs from the useful
haptic threshold.
A successful haptic interaction involves a haptic device in contact with
the human operator in a bi-directional exchange of information. In contrast
to the elegant experiments of pure psychophysics, in a haptic interaction, the

stimulus is not independent of the user inputs. orce, displacement, velocity,



and mechanical impedance all vary during this interaction.  or is being
done by the human on the device as well as by the device on the human.
Thus, perception through a haptic device cannot be predicted solely from
pure psychophysical thresholds.  ur research complements psychophysics
by aiming to find the point at which a human can perceive meaningful in-
formation from a realistic haptic device as opposed to the perceptive limit
of human touch as measured by a highly specialized apparatus and experi-
ments . ur measurement depends on the specific haptic device as well as on
the user and is not a threshold in the classical psychophysical sense. Instead
we measure a data point by which we evaluate technology possibilities in an
important new application area.
ther more psychological experiments show us that properly exploiting
multi-model interactions and haptic illusions can enhance or attenuate haptic
effects . rinivasan et al. 1 . Increasing the effect of a small haptic de-
vice without raising its output i.e. power cost may also aid in development
of low power haptic devices.
The first mass produced des top haptic device is the hantom  alisbury
and rinivasan, 1 , which allows users to interact with virtual environ-

ments using a stylus li e end effector. The hantom opened up the area of



oint Torque 22  mm continuous,

mm pea
Torque utput esolution .2 mm
osition esolution . 2 degrees
or space Approx 12 x12 mm

inematic Isotropy

Table 1: specifications

haptics to study by a wide group of non-specialists. ur small haptic device
designs have achieved higher bandwidth and greater ability to accurately
control smaller forces in exchange for motion and force ranges smaller than
that of the hantom. y advancing the technology of small haptic devices,
we may enable the integration of haptics into portable and hand held devices.

The ingertip aptic isplay is 2- planar haptic device, de-
signed in the io obotics aboratory, with extensive inematic optimization

that couples a light weight and rigid haptic display with direct drive, at coil

actuators  annaford et al., 1 Table 1 . Its design encompasses the
index finger exion extension wor space of of the human population
enema and annaford, 2 . About 2. cm thic , the is designed to

be stac ed into a four-fingered device that, when completed, will allow the
four fingers to be independently curled or stro ed over a virtual surface.

In prior research, the was used to explore human perception of first



igure 1: lanar mechanism was optimized to fit finger wor space of
of the population.

and second order surface discontinuities in CA models enema and an-
naford, 2 . In this paper, we report experiments to measure the smallest
haptic effects the can meaningfully communicate to an operator. In
these experiments we study a basic attractive icon - a region of space accom-
panied by a local attractive force field. e use a forced-choice protocol with
an adaptive threshold finding algorithm to determine the minimum ampli-
tude for the haptic effect which is detectable 1 of the time. This threshold
is a combined human-machine property. To estimate the effect of the device
on the results we also compare this threshold with selected mechanical prop-

erties of the device.



T OD

e chec ed force calibration with an external gauge  itutoyo igi-
matic orce auge and verified accuracy of cartesian end point forces com-
manded at the software A T level.

art of this paper reports measurements of friction in the . To mea-
sure friction, we created a control loop mm,
sec mm and drove the loop with constant ramp position signals
at several selected velocities representative of the observed haptic interac-
tion. The measured velocity signal first difference algorithm was somewhat
noisy, but averaging during a 2 mm position window in the middle of the tra-
ectory, and analysis of measured position data, confirmed that the system
trac ed commanded velocity within 1 . orce recordings were averaged
during the same position window to create an estimate of force as a function

of velocity.

In these experiments, haptic targets or icons consisted of a pair of force
profiles centered on a c¢m wide region that attracted the fingertip towards

the center. The force was a linear function of the end effector s distance from



igure 2: rofile of icon force field

the center of the target.

The pea value of the force profile was varied from one trial to the next
using an adaptive force algorithm, and recorded as the force value descrip-
tive of that field igure 2 . A set of five s provided crude position
indication to the user. In the force field detection experiment, the and

s were illuminated when the sub ect was over either icon A or icon

, respectively.

The adaptive thresholding method used in both experiments is designed to

converge the force output such that a 1 correct response is observed from



the sub ect tevens et al. 1 . Two or more correct responses decrease
the force by  , while a single incorrect response increases the force bac to
its previous value.
ach deviation from the current trend in force was termed a force re-
versal . As sub ects progressed through the experiment they might have,
for example, produced five consecutive correct responses, followed by an in-
correct response. This sequence would result in a reversal of the current
trend, or path . The experiment continued until twelve such path reversals
occurred.
In the first experiment a correct response was given by properly indicat-
ing which icon had a force field. In the second experiment a correct response

resulted from properly indicating the presence - or absence - of force.

In the first experiment, icons were mm long and were placed 1 mm apart.

ne randomly selected icon had a force field in each trial the other icon
had no force. The sub ects fingertip was supported by a virtual plane ap-
proximately mid-wor space, y 1 mm. The sub ects wrist rested on a

platform coincident with the virtual plane. s indicated when the user



was inside either of the two icons.
ub ects were allowed to sample both targets indefinitely before indicating

which target they perceived to contain a force. ub ects indicated their choice
by moving into the target and pressing a button held in their opposite hand.
This was repeated until completion of the adaptive thresholding procedure.

In another experiment, we applied pulses of force to the finger while the
sub ects held their finger motionless at a specified location. The wrist rested
in the same position and their fingertip was supported by the same virtual
plane as in the first experiment. After a random delay of between 1 and
seconds, a force pulse of 12 millisecond duration was applied. S were
illuminated after each stimulus and the sub ect pressed a button if they
detected the force pulse. ub ects were informed that no force would be
applied during randomly selected trials.

In both experiments, sub ects wore noise reducing ear protection to elim-
inate possible sound queues. The experiments started at m of force

and continued until the conclusion of the adaptive thresholding algorithm.
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A threshold value representative of the sub ects as a group was computed by

averaging all sub ects data during their last three force path reversals.

R UT

igure shows the force-paths ta en for several test sub ects. ach line
represents the pea magnitude of force present for each trial during one
run of the experiment. ub ects too to  trials per experiment before
incurring the necessary twelve force-path reversals.

All sub ects started the experiment at a level of m of force. It
can be noted that early mista es in icon choice do not necessarily effect
the final value for a particular force-path since each experiment ends when
twelve force reversals have occurred, rather than at a fixed number of trials.

igure shows a magnification of the area of convergence from igure
- a region showing the last approximately forty trials for most sub ects. The

mean of all converged values was m
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igure : orce paths ta en for two-target experiment.
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The same adaptive force algorithm and initial starting force was used
in experiment two, where sub ects held their finger in one spot and a 12
millisecond pulse was applied. ub ects required a comparable number of

trials as in experiment one before incurring twelve force-reversals. The mean

value value was 1 m igure
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igure : Actuator force for five selected constant velocities.

e measured the forces required to move the

2 mm s without contact by the human operator

igure

chosen for the

controller used in this experiment,

igure

at five discrete veloci-

oise

. The slope of the five data groupings is the derivative gain

sec mim.



mall circles represent the average observed velocity vs. average observed
force for each data set. ach circle encloses a small dot representing the de-
sired velocity plotted against the average force. easured velocity is within
1 of desired velocity.

A straight line fit to the data points gives a coefficient of viscous friction
of about .2 sec m and intersects the force axisat ~m when the desired
velocity approaches mm s.

e also measured static friction or stiction of the device by slowly
increasing force with the device at rest and recording the force at which a
sustained velocity occurred. The static friction of the measured by this

procedure is 1 m

DI CU ION

In this paper we reported experiments aimed at discerning the wea est hap-
tic effects that are detectable by users of a state of the art haptic device.
The adaptive threshold detection method, long applied in psychophysics and
clinical testing instruments, was quite practical for testing haptic devices and

effects.



hen actively exploring for a mm attractive icon with our , We
measured an average detection threshold of m for a population of sub-
ects. The average threshold was about higher when the sub ects did
not move but held the finger steady and detected the presence or absence
of 12 millisecond force pulses 1 m . An interesting sub ective observa-
tion was that as the magnitude of these force pulses was reduced, sub ects
became aware of the circulatory pulse in their fingertips the heartbeat was
sometimes hard to distinguish from the stimulus.

These results do not indicate fundamental thresholds for the human op-
erator, but rather, what is achievable with a particular haptic device. e
expect that the particular type of haptic effect may change the threshold.

esides the haptic device, there are other variables which may also affect the
threshold. In these experiments, the force as a function of position was a
discontinuous saw-tooth shape igure 2 which created an energy minimum
at the center of the icon. The force values we report are the pea s of the
triangles.  ther shapes such as sinusoids, rectangles, trapezoids or aus-
sians can also create attractive icons and may be detectable with different
pea forces. The size of the icon could also be a factor, but was not varied

in these experiments. Icon size, local stiffness, and pea force are three pa-



rameters of which two may be varied independently. uture experiments will
characterize response thresholds while varying these factors and using more
devices.

It is well nown that touch is highly sensitive to vibration and frequencies
up to 1 z or more himoga, 1  a,b . Increasing the spatiotemporal
frequency content of the haptic effects could lower the thresholds. Conversely,
reducing frequency content of the haptic effects, for example by changing the
force profile to a smoother one, could result in higher thresholds.

There is still no consensus on which engineering specifications predict the
sub ective performance of a haptic device. owever, the static friction level
is often ta en to indicate the minimum forces which the device can repre-
sent. riction is difficult to model but is typically thought to contain three
components, static friction stiction , Coulomb friction a term depending
only on the sign of velocity and viscous friction. e measured friction at

several constant velocities typical of haptic interaction. The force varied lin-

early with velocity .2 sec m and extrapolated to zero velocity to
estimate the Coulomb component m . tatic friction stiction was 1
m

ur results show that users can reliably detect haptic effects whose max-



imum force is about - the measured Coulomb friction level of the device and
about - the measured static friction level. e plan to repeat this set of tests
on other haptic devices to determine if this rule can be generalized.

e have made these measurements to aid in understanding whether or
not haptic devices can be useful and implementable in very small systems.
That an effect is detectable is probably necessary, but not sufficient for it
to be actually useful. e plan future experiments to measure whether or
not wea haptic effects at or near the threshold measured here can help a
person better accomplish a tas . These experiments will create tas s such
as selection of icons or menu items and evaluate performance through such
measures as completion time and error rate in the presence or absence of

wea haptic effects.

C NO D NT
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