World Haptics 2009 (Third Joint Euro Haptics Conference and Symposium on Haptic Interfaces
for Virtual Environments and Teleoperator Systems)
Salt Lake City, (Utah, US) March 18-20, 2009

Good Vibrations:
Asymmetric Vibrations for Directional Haptic Cues

Roberta L. Klatzky™
Department of Psychology
Carnegie Mellon University

Ralph Hollis®

Robotics Institute

Bert Unger?
Robotics Institute
Carnegie Mellon University

Hanns W. Tappeiner*
Robotics Institute
Carnegie Mellon University

ABSTRACT

In this paper we present anew concept for haptic guidance in multi-
ple dimensions, in theform of asymmetric vibrations. We show that
by adding asymmetry, vibrations from asingle source can, like con-
tinuous forces, provide effective, high-resolution directional hap-
tic cues in multiple dimensions. Unlike feedback via continuous
forces, vibrations can be generated in an amost arbitrarily small
workspace. After describing the concept in detail, we describe a
user study that assesses the effects of such vibrations - applied to
subjects hands - on their ability to distinguish between different
directions. The results indicate that asymmetric vibrations can pro-
vide accurate directional haptic feedback.

1 INTRODUCTION

When users of a haptic interface explore or guide objectsin an un-
known environment, it is highly useful, if not critical, to provide di-
rections for approach or avoidance of obstacles. Cues may be given
audibly or visually, but haptic feedback offers the advantages of
being directly processed and useful in an environment where only
force cues are provided. Resisting forces are typically used to sig-
na impact with channels or walls, but these come too late when
impact is to be avoided. Another approach is to use a force field
that offers resistance that is monotonicaly related to the distance
from achannel or barrier, but this interferes with the haptic control
itself.

We describe a new approach to haptic guidance based on asym-
metric vibrations. Generating haptic feedback via vibrations is a
widely used technique in research and simple versions have been
implemented in a variety of consumer products. Robust one-
dimensional vibrations using a single transducer, such as a mass
on amotor, are used in cell phones. One reason why vibrations are
used frequently for haptic feedback is because transducers can be
very small and are cheap and easy to produce.

More complex setups using multiple transducers to give users a
sense of directiondlity are still research projects. Numerous stud-
ies have been performed exploring the effects of vibratory feedback
for alerting or for providing an impression of direction. In [1], Lin-
deman et al. show how vibrations generated by multiple simple
transducers placed on a subject’s body affect areal world " building
clearing” task by giving haptic hints. Ho, Tan and Spence demon-
strated in [2] how vibrations can be used to draw adriver’s attention
to possible hazards. A similar system is available now in certain
luxury cars, where the steering wheel and/or seat startsto vibrate to
signal acars out of lane drift to the driver.

Okamura et al. implemented a system for haptic feedback via
vibrations for virtual environments and show that vibrations can
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Figure 1: A) shows an asymmetric sinusoid with short rise time and
long fall time, so the power of the rising part is higher. B) shows the
inverse of A), with the falling part having higher power. Over time, A)
feels like an up motion, B) like a down motion

signifi cantly enhance touch perception for virtual environment ap-
plications ([3] and [4]).

Very interesting related work has been done by Amemiya et al.
to use one dimensional, asymmetric oscillations generated by amo-
tor/mass system to provide directional cuesin anon grounded, hand
held device [5] or to manipulate the perceived weight of ahand held
object [6]. The results are encouraging and show that, in some
cases, an asymmetrically accelerated mass can provide useful di-
rectional feedback and change a subjects weight perception in the
direction of the higher acceleration.

1.1 Motivation

While mechanical motor/mass systems like the one described by
Amemiya can provide feedback in one dimension (or potentially
two dimesions with additional hardware), the setup becomes unfea-
sible for higher dimensions. In our work, we focus on multi dimen-
sional workspaces and high resolution directional feedback. We are
interested in how well people can distinguish between different di-
rections from cues generated by asymmetric vibrations. Also, the
system proposed in this paper is able to change al parameters of
the vibrations on the fly, including amplitude. On the other hand,
our system is by no means a hand held device which can be carried
around, but afull, high fidelity 6DOF desktop haptic device.

Even though continuous forces can be used for directiona hap-
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Figure 3: The Maglev Haptic device in front of a computer screen.
, The handle is rigidly attached to the flotor.
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Figure 2: One period of an asymmetric sinusoidal function, com-
posed of two half periods of different length. W =TmM— E(l_ L)
2

tic feedback in a haptic device with a reasonably large workspace it . T
as well, we believe that asymmetric vibrations can have certain ad- f(x) = { X< . —cos(xq)
vantages, especially if they can be superimposed with continuous otherwise: —cosxg, )
forces. In this paper we try to determine whether asymmetric vi- ) . . . . o
brations are suitable for generating multi directional haptic cues. In @ is the half period of the sinusoidal function for the rising por-
subsequent work, we would like to compare haptic feedback from tion of the signal.w, the half period for the falling portionA is
continuous forces vs. asymmetric vibrations qualitatively and ex- the amountof asymmetry in the signal. Fax =0, «; = a» and
plore possibilities on how they could be superimposed. the resulting functlon is symmetric. The clogeﬁ gets to 1, the

For haptics, one advantage of vibrations over continuous forces More asymmetric the signal becomes. The difference between pos-
is that powerful vibrations can be generated with very small am- itive and negative) is the direction of vibration: a negativ is
plitudes, using up only a fraction of the haptic device’s workspace. €duivalent to rotating the desired axis of vibration7by
A second advantage is that vibrations add one more parameter for3 THE MAGLEV HAPTIC INTERFACE
possible feedback: time. With continuous forces, stronger feed-
back is achieved by larger forces. With vibrations, stronger feed- The haptic interface used for this study is a newly devel-
back can be generated by greater amplitude, higher frequencies, opped desktop-mounted, 6-DOF magnetic levitation haptic device
both, depending on the current need of the application. The above(MLHD, Figure 3, [7]). The device’s only movable part, thetor,
approaches have in common that they use one-dimensional. If di-is levitated in a strong magnetic field and tracked by optical position
rectionality is desired, it is achieved by using multiple transducers, sensors.
which limits the number of possible different directions to a set of ~ The device exhibits extremely high fidelity due to the lack of fric-
discrete values, usually small in number. Our approach is different: tion and backlash. The high stiffness range (max. 40 N/mm) and
using a high-fidelity, high-bandwidth 6-DOF haptic device, vibra- a bandwidth of 130 Hz allow us to accurately generate the asym-
tions along any DOF, or combination of DOFs, are generated, en- metric vibrations for this study. Figure 4 shows an example of a
abling us to define an exact axis for the directional haptic feedback. slightly asymmetric function with frequency 6 Hz and 0.2 mm am-
The principal aim of the present study is to show that by making the plitude being tracked by the MLHD along the devices x axis.
vibration itself asymmetric, we can generate a sense of directional-
ity along any axis, producing the haptic impression of being pushed 4 USER STUDY
toward or away from a region of space. The goal for this user study (under CMU IRB HS08-316) was to
determine subject’s ability to identify the directions represented
2 ASYMMETRIC SINUSOIDAL VIBRATION by asymmetric vibrations along different axes having different fre-
The directional vibration is generated by an asymmetric sinusoidal quencies and amplitudes. Eleven subjects, all students, participated,
function, composed of two half periods, w, of different length, 5 male and 6 female, between 19 and 26 years old. All subjects
so that the rising part is steeper than the falling part or vice versa. where untrained and not familiar with the use of the device or the
By asymmetric we mean asymmetric over time, not with asymmet- test setup. All subjects where familiar with the general usage of a
ric amplitude, as seen in Figure 1 and Figure 2. An object vibrating computer and a computer mouse. Before the test, a brief training
asymmetrically has to move faster during the shorter half period of session was performed: Subjects where presented with 3 random
the signal and therefore output more power than during the longer examples and told the corresponding direction.
half period. The idea is that this will be perceived as a directional  Subjects sat in front of a computer screen. The MLHD Maglev
clue to a subject when applied to a haptic device. The following haptic device was used to generate the vibrations as well as for user
equations define an asymmetric sinusoidal function: input. All parameters for the haptic device, like PID gains for posi-

tion and orientation control, where constant over all tests.
x:[0..27] 1)

4.1 Test setup

A:[-1.1] Figure 5 shows a screen capture of the test setup. In step 1 subjects
felt an asymmetric vibration on the handle in the horizontal plane
(xy). They were instructed to click a button on the handle after they

T
W = T+ EA thought they knew the direction of the vibration. Immediately a
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Figure 4: Tracking: (6 Hz, 0.2 mm), slightly asymmetric vibration.
Blue is the desired function the device tries to track, red the actual
position in x of the flotor.

Feel vibration Select direction

second screen with a dial appeared. While still feeling the vibration,

subjects were to rotate the handle so as to adjust the dial to matchFigure 5: Test setup: subjects feel a vibration, then select its perceive
its perceived direction. After clicking again, the next trial started. direction by rotating the handle to adjust an on-screen dial.

Each subject performed 192 trials.

4.2 Stimulus directions

Our focus was on 8 different directions in the xy-planejanter-

vals; however, to ensure that this did not become a classification
task for the subjects, where they just choose between 8 discrete an-
gles, only 75% of all trials (144 out of 192) where chosen from
those 8 directions, the other 25% being chosen randomly from an-
gles in between.

The following equations where used to compute the asymmetric
sinusoidal vibration along an axis in the xy- plane of the haptic de-
vice, whereA is the amplitude of the signal ardthe angle of the
desired direction of vibrationasymsii) is an implementation of
the function described in section 2 to generate the asymmetric vi-
bration with the time in seconds, frequendyin Hertz and amount
of asymmetnA.

x=Axcoga) x asymsift, f,A)

y=Axsin(a) x asymsif(t, f,A)

4.3 Frequency-Amplitude pairs

To compare performance at different frequencies and amplitudes,
we selected 3 frequency- amplitude pairs for the trials. We were
particularly interested in vibrations with very small amplitudes, in Figure 6: Trial parameters: The 8 main directions in which the
order to produce subtle feedback that would not disturb control, that test was designed to generate asymmetric vibrations (red arrows)
is the average position and orientation of the handle over time. The and 25% random other directions (blue arrows). Right: the three
frequency- amplitude pairs where chosen so that the output powerfrequency- amplitude pairs used in the trials, all with equal power.
of all 3 vibrations was the same:

e Pair A: 0.6 mm amplitude, frequency 2 Hz
e Pair B: 0.4 mm amplitude, frequency 3 Hz

e Pair C: 0.2 mm amplitude, frequency 6 Hz
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Figure 7: Regression plots: Actual direction of vibration (x) vs. re-
ported direction (y) for all subjects. The error bars in show the means
and standard error of the trials for the parameter sets (2 Hz, 0.6 mm) 0 S— T—T =TT
(red), (4 Hz, 0.3 mm) (blue) and (6 Hz, 0.2 mm) (green).

Angle [degrees]

. Figure 8: Response time: Average time in seconds for subjects to
4.4 Trials respond to a stimulus. The error bars (magenta) show the standard
Each subject performed 6 repetitions per direction (8), per error of the mean.

frequency- amplitude pair (3), for a total ofx68 x 3 = 144 tri-

als, plus another 48 trials with random other directions, resulting in

a total number of 192 trials. The order of trials was chosen at ran-

dom by the computer. The trial information (direction, frequency

and amplitude) was logged together with the angle indicated by the

subject and how long it took the subject to respond. The asymmetry

level of the vibrations was constant over all trials at 0.96, constitut-

ing a strong asymmetry as described in section 2.

5 RESULTS

In a small nhumber of trials (6) subjects reported the correct axis,

but the wrong direction, meaning the guessed orientation was close © (I 220 6 B 4#ii0 amm [ J6rd0 2]
to 180 degrees off. These trials were discarded from further data
analysis, since they are not comparable to the small angle offsets
otherwise observed. Figure 7 shows the mean response by subject
with standard error bars for each condition. An ANOVA on stimu-
lus angle (8 valuesy amplitude- frequency combination (3 levels)
found strong effects of anglefr (7, 70) = 126231 p < 0.001, re-
flecting a linear trendR? for each condition> 0.99). The effect

of amplitude- frequency combination was not significant but inter-
acted with the angleflr (14, 140) = 2.93, p < 0.01. This interaction
reflects small differences among the conditions at some angles, but
no reliable trend.

Responses were timed from the onset of the stimulus until the
subject clicked a button to advance to the next screen and adjust
the dial, as shown in Figure 5. An ANOVA on stimulus angle
(8 values)x amplitude- frequency combination (3 levels) found
effects of angle, F(7, 70) = 7.52, p < 0.001, and condition, 5 9 135 180 225 210 315
F(2, 20) = 1052, p < 0.01. The mean time tended to increase Angle [degrees]
with angle (for the linear trendF (1, 10) = 10.10, p < 0.05), but
time was also modulated by angle in a nonlinear fashion. The inter- Figure 9: Mean S.D.: Shows how spread subject’s responses where
action did not reach significance. on average: Mean of the within-subject standard deviations for trials

A third measure was the within-subject standard deviation, com- With @ common angle and amplitude- frequency. The error bars (blue)
puted over the six responses at each angle and amplitude/frequency?hoW the standard error of the mean.

An ANOVA on stimulus angle (8 valuesx amplitude- fre-
quency combination (3 levels) found effects of angtg.7, 70) =
2.17, p < 0.05, and condition,F (2, 20) = 31.89, p < 0.001. The
effect of angle primarily reflects reduced variability when responses
lay along the subject’s sagittal axis. The effect of amplitude- fre-

Angle [degrees]




guency was similar to that on time: The SD tended to increase with ACKNOWLEDGEMENTS
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7 DISCUSSION AND FUTURE WORK
7.1 Comparing system performance

We are very interested in further exploring asymmetric vibrations
for directional haptic feedback and comparing user performance
with other haptic methods such as feedback from continuous forces.

While the present work applies asymmetric vibrations to a user’s
hand in the xy-plane, it should be straightforward to apply the same
technique in 3-DOF or even in all 6-DOF, to guide subjects through
higher-dimensional work spaces.

Vibrations offer one more dimension for feedback in comparison
to continuous forces: time. As was mentioned above, feedback
can be intensified by both higher amplitudes and larger frequencies,
and it would be valuable to systematically explore the amplitude-
frequency parameter space.

In this study, we used fairly low frequencies for the vibrations to
make sure the device is tracking the commanded motions exactly.
It would be very interesting to see how subjects react to higher fre-
quency asymmetric vibrations (with smaller amplitudes).

7.2 Applications

We are also interested in applying haptic feedback via asymmet-
ric vibrations to real-world tasks. We believe that asymmetric vi-
brations with fairly small amplitudes are well suited to be super-
imposed with other haptic feedback, for example with continuous
forces, and with control commands when the haptic device is used
both as an input and output device at the same time.

Possible applications could be controlling manipulators or mo-
bile robots, where asymmetric vibrations could indicate distance
(amplitude and/or frequency) to an obstacle and its location by hint-
ing the direction in which the obstacle is relative to the robot. Alter-
natively, suggested actions could be hinted to the operatotuike
in place move faster/sloweand variable amplitude and frequency
could hint amount and urgency.
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