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Abstract

This paper reports the results of our current research to-
wards a qualitative characterization of the instability that a
human user often perceives from a virtual textured surface
rendered with a force-reflecting haptic interface. Based on
our previous study of perceptual instability during haptic
texture rendering, an experiment is designed and conducted
in order to measure the proximal stimuli delivered by the
virtual textures in terms of several physical variables (po-
sition, force, and acceleration). The measured data are an-
alyzed in the frequency domain and characterized by sen-

" sation levels with regards to the human detection thresh-
olds for temporal stimuli. In particular, a spectral band

_ that conveys texture information and another one that in-
duces instability perception are identified along with their
associated sensation levels. These frequency bands excite
different mechanoreceptors in the skin, and are therefore
perceptually distinctive.

1 Introduction

Haptic texture rendering is a growing research field that
holds much promise for enriching the sensory attributes of
objects in a virtual environment. It also allows for precise
and systematic control of textured surfaces for psychophys-
ical studies. One problem that has become apparent is
the perceived instability experienced by human observers
while interacting with a virtual textured surface rendered
by a haptic interface. Our work has therefore concentrated

on the perceptual analysis of such instabilities. Our previ- -

ous work has produced a quantitative specification of the
range of rendering parameters that result in perceptually
stable textured surfaces [3, 4]. This paper reports our find-
ings from a follow-up study that investigated the sources of
perceptual instability during haptic texture rendering.
Although everyone has some notion of what texture is,
‘the concept of texture is not clearly defined. Katz consid-
ered texture as the fine structure of a surface (microstruc-
ture), and as independent of the shape (macrostructure) of
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an object or surface [12]. The systematic study of haptic
texture perception began about thirty years ago [22]. Most
research has focused on roughness perception. One topic
that has been controversial is whether information about
surface roughness is encoded spatially or temporally (with
some researchers arguing for the former [5, 6, 16, 21, 30],
and Katz for the latter [12]). It is now generally accepted
that humans prefer to use intensive (depth of microstruc-
tures) and/or spatial (size of microstructures) cues during
direct (fingerpad) exploration when both spatial and tempo-
ral cues are available [10]; and that humans rely on tempo-
ral cues (vibration) during indirect (probe-mediated) explo-
ration when no spatial/intensive cues are available [14, 20].
In addition, roughness perception is very similar whether
the direct or the indirect method is employed [18, 19].
There is also evidence that temporal cues are responsible
for perception of very fine surface details (with interele-
ment spacing below 1 mm) [9, 11, 15], and that the probe
method produces greater perceived roughness than the fin-
gerpad method for very smooth surfaces [13].

It follows that devices that emulate probe-mediated tex-
ture exploration should yield successful rendering of tex-
tured surfaces, with superior performance expected for
very small-scale (less than 1 mm) surface features. Min-
sky’s Sandpaper system was perhaps the first successful
attempt at generating synthetic textures with a two degree-
of-freedom (DoF) force-feedback joystick [24, 25]. Sev-
eral successful implementations of texture rendering meth-
ods using three (or more) DoF force-reflecting devices have
also been reported (for examples, see [7, 8, 23, 26, 27]).

To those of us who have felt a textured surface rendered
by a haptic interface, it is immediately clear that the percep-
tion of texture is often tainted by undesirable buzzing and
other kinds of noise (see, for example, [34, 35]). It is there-
fore crucial to understand the conditions under which hap-
tically rendered textured surfaces are guaranteed to be per-
ceptually stable. Our previous work focused on the anal-
ysis of perceptual instability that occurred when human
observers explored virtual textured surfaces with a force-
reflecting haptic interface (the PHANToM) [3, 4]. We con-



ducted psychophysical experiments using the method of
limits in order to empirically determine the thresholds for
the stiffness parameter below which textured virtual sur-
faces were perceived to be stable. These stability thresh-
olds were assessed under thirty-six experimental conditions
where we varied the texture rendering algorithm, explo-
ration mode, and parameters of the surface model (ampli-
tude and wavelength of sinusoidal texture model). Three
subjects (one experienced and two naive) participated in
the previous experiments.

To our surprise, the maximum stiffness values for per-
ceptually stable textured surfaces were limited to 0.45
- N/mm or less. This stiffness range was quite small and

corresponded to surfaces that were soft and spongy to the
touch. The stiffness thresholds were also dependent on the
rendering algorithm, exploration mode and surface model
parameters. A simple spring model with a fixed force direc-
tion resulted in more perceptually stable surfaces than one
with varying force directions based on the local surface nor-
mals. Virtual surfaces explored with lateral stroking were
perceived to be more stable than those with a free interac-
tion style. The dependency of stiffness thresholds on the
surface model parameters was more complex.

Given the relatively limited range of stiffness values that
was usable in haptic texture rendering, we decided to turn
our attention to the investigation of the sources of perceived

. instability, and the development of strategies for mitigating
this problem. Our current study employs an instrumented
force-reflecting device to record the position, force and ac-
celeration signals experienced by a hand during the explo-
ration of virtual textured surfaces. Data are collected for
both perceptually stable and unstable renderings. For un-
stable renderings, we concentrate on three types of percep-
tual instabilities discovered in our previous study. The first
is entry instability. As a stylus approaches the textured sur-
face, one sometimes experiences “buzzing” of the stylus.
The second type is associated with poking. It is most evi-

dent when the stylus is pushed deep into the virtual surface

" (inside instability). These two types of instability are as-

sociated with the experimental conditions where subjects
were permitted to explore the textured surface in any man-
ner. The third type of instability occurs when a stylus is
moved across the textured surface. One sometimes expe-
riences “buzzing” that cannot be attributed to the texture.

By analyzing recorded data and comparing our results from

perceptually stable and unstable renderings of texture, we
hope to discover the signals that give rise to perceived in-
stability during haptic texture rendering.

2 Rendering and Perception of Texture

The texture model, rendering methods, and exploration
modes used in this study are the same as those used in our
previous study [4]. A brief summary is presented here.
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z= Asin(%x) +A

Fig. 1. An illustration of the parameters used in texture
rendering. Note that y-axis goes into the plane. See Sec. 2
for details.

The virtual textured surfaces are modeled as one-
dimensional sinusoidal gratings superimposed on a flat sur-
face. This underlying flat surface, expressed by z = O in the
world coordinate of PHANToOM, forms a vertical wall fac-
ing the user of the PHANToM. The sinusoidal gratings are
described by z = h(x,) = A sin(32x)+A, where A and L de-
note the amplitude and (spatial) wavelength, respectively.
Sinusoidal gratings are widely used in the haptic texture-
rendering literature (for example, see [20, 35]), since sur-
face profiles can be successfully modeled by a Fourier se-
ries [33].

Two basic texture rendering methods, both using a
spring model to calculate the magnitude of rendered force
but differing in the way force directions are rendered, are
employed. Force magnitudes are calculated as K - d(¢),
where K is the stiffness of the textured surface, and d(r)
is the penetration depth of the stylus at time ¢ (see Fig. 1).
The penetration depth is calculated as

0 if p, (>0
0= { Asin(Zp) +A-pu i p<0 » D
where p(?) = (px(t), Dy(®), pz(t)) is the position of the tip of
the stylus. '

In terms of force directions, the first method, introduced
by Massie [23], renders a force Fue(f) with a constant di-
rection normal to the underlying flat wall of the textured
surface. The second method, proposed by Ho, Basdogan
and Srinivasan [8], renders a force F,,.(f) with varying di-
rections such that it remains normal to the local micro-
geometry of the sinusoidal texture model. Mathematically,

Fruag(1)
Frec(?)

K d(f)ny,
K d(® nr(p(®)),

)
3

where ny is the normal vector of the underlying flat wall,
and nr(p(?)) is the normal vector of the textured surface at
p(?) (see Fig. 1). Note that both methods keep the force



vectors in the horizontal planes, thereby minimizing the ef-
fect of gravity on rendered forces (See Fig. 2 for the actual
orientations of the axes).

Two exploration modes (free exploration and stroking)
are tested. In the free exploration mode, subjects are al-
lowed to determine the interaction pattern that is most ef-
fective at discovering the instability of the rendered textures
and to use that pattern in the experiments. This mode is se-
lected to be the most challenging interaction pattern for a
haptic texture rendering system in terms of perceptual sta-
bility. With the stroking mode, subjects are instructed to
move the stylus laterally across the textured surfaces. This
mode is chosen to be representative of the typical and pre-
ferred exploration pattern for accurate texture perception
[17].

As discussed earlier, a force-reflecting haptic interface
such as the PHANToM can only deliver temporal percep-
tual cues for texture rendering. Hence, it is necessary that a
user move the interaction tool of the force-reflecting device
across surfaces in order to perceive textures through the re-
sulting temporal cues. In our previous study, when the sub-
jects were allowed to explore textured surfaces freely, they
chose to position the PHANToM stylus near the surface
boundary or inside the surface to investigate instability. In
that case, they were able to detect unrealistic vibration in
the absence of other temporal cues that encoded texture.
When the subjects used the stroking mode, however, they
had to attend to, and separate, the temporal cues that corre-
spond to texture and instability.

To the authors who are experienced with the percep-
tual qualities of sinusoidal movements across the frequency
range of DC to 400 Hz [29], the “buzzing” that contributes
to perceived instability during both free exploration. and
stroking modes seems to be vibrational (i.e., above 100 Hz)
in nature. The signals responsible for perceived texture ap-
pear to be of lower frequency. The exact frequency of the
texture signal can be predicted from our texture model and
an estimate of the stroking velocity. Suppose that a hu-
man user explores the textured surface by moving the stylus
along the x-axis as shown in Fig. 1 with a constant veloc-
ity v,, while maintaining contact with the textured surface.
Then, the magnitude of the rendered force can be decom-
posed into two terms. From Eqns. 2 and 3,

[Fonag ()] = [Foe®)] = IKA sin (2nl’Lit) +K(A- pz(t))l ,
C))
assuming that p,(0) = 0. The left term delivers the tex-
ture signal at frequency v, /L, and the right term resists the
penetration of a stylus into the textured surface.

In order to understand the nature of the signals that give
rise to the perceived instability and texture, we measure the
proximal stimuli (position of the tip of the stylus, force, and
acceleration) delivered to the subjects during the percep-

. z
World Coordinate Frame

Fig. 2. The PHANToM instrumented with triaxial F/T sen-
sor and accelerometer.

tion of virtual textures. It follows from the above discus-
sion that we expect to observe high-frequency signal com-
ponents whenever a virtual textured surface is perceived to
be unstable. We also expect to find a signal component at
predicted frequency for texture perception during stroking
mode. We therefore characterize the data in the frequency
domain, with respect to the human detection thresholds at
corresponding frequencies.

3 Experiment Design

3.1 Apparatus

In the current study, we use a PHANToM force-
reflecting device (SensAble Technologies, Woburn, MA;
model 1.0A, with a stylus and orientation gimbals) instru-
mented with two additional sensors (see Fig. 2).

The position of the tip of the stylus, p(#), is measured
using the position sensing routines in the GHOST library
provided with the PHANToM. The routines use optical en-
coders attached at each joint of the PHANToM and con-
vert the joint angles to the position in the world coordinate
frame. The resulting nominal resolution is 0.03 mm in the
world coordinate frame.

Force delivered by the PHANToM, f(f), is measured
with a triaxial force/torque (F/T) sensor (ATI Industrial
Automation, Apex, NC; model Nanol7 with temperature

_compensation). In order to minimize the structural change
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to the PHANTOM, a new link with a built-in interface for
the F/T sensor is fabricated to replace the last link (i.e., the
link closest to the stylus) of the PHANToM. The new link
is of the same length as the original one, and weighed 60
g (13%) more with the F/T sensor. The force sensor has a
measurement range of +12 N with a nominal resolution of
0.0125 N. Force data are transformed into the stylus coor-
dinate frame and recorded. The origin of the stylus coor-
dinate frame is always located at the tip of the stylus (i.e.,
p(9), and its z-axis coincides with the cylindrical axis of -



Table 1. Experimental conditions.

Condition Exploration Texture Rendering Perceptual ' Texture Model Parameters
No. ‘Mode ' Method - Category A (mm), L (mm), K (N/mm)
A Free Exploration Finag() Entry Instability 1,2,0.30
B Free Exploration Frec(®) Entry Instability 1,2,0.30
C Free Exploration Foec(®) Inside Instability 1,2,0.05
D Stroking Frag(t) Stable 1,2,0.15
E Stroking Frag(t) Unstable 1,2,0.40
F Stroking Foec(?) Stable 1,2,0.15
G Stroking Frec(® Unstable 1,2,0.40
the stylus. ally across the virtual gratings. They are required to main-

Vibration of the stylus is captured with a triaxial ac-
celerometer (Kistler, Blairsville, PA; model 8794A500). In
order not to miss any spectral components, we have se-
lected an accelerometer with a wide range of +500 G (1
G= 9.8 m/s?) for all three channels. The accelerometer is
attached through a rigid mounter that is press-fitted to the
stylus. The attachment adds 11.8 g to the weight of the sty-
lus. Acceleration measurements, a(z), are also taken in the
stylus coordinate frame. With a 12-bit A/D converter, our
acceleration data have a nominal resolution of 0.244 G.

3.2 Experimental Conditions

A total of seven experimental conditions are employed
as listed in Table 1. In the conditions using the free explo-
ration mode (Conditions A, B, and C), we test perceptu-
ally unstable conditions differing in the types of perceived
instability: entry and inside instability. Note that inside
instability for Fnq.(7) is not tested because this type of in-
stability was not observed during our previous study. For
the stroking mode, we record data for both perceptually sta-
ble (Conditions D and F) and unstable cases (Conditions E
and G). Both rendering methods are tested for the stroking
mode.

. Whether a particular experimental condition results in

perceptually stable or unstable rendering also depends on
the values of the surface model parameters (A, L, K). The
values listed in Table 1 are selected based on the results
obtained from our previous study [3, 4].

3.3 Procedures

For the experiments with free exploration mode, sub-
jects are instructed to hold the stylus still near the textured
surface (Conditions A and B) or deep inside of it (Condi-
tion C). They have to find a point in space where the surface
is clearly perceived to be unstable and maintain that posi-
tion. Once the subject is satisfied with the selected stylus
position, the experimenter initiates data collection.

For the experiments with stroking mode (Conditions D,
E, F and G), subjects are instructed to move the stylus later-

1264

tain a constant stroking speed to the best of their ability.
After the subject has initiated stroking, the experimenter
starts data collection.

In all experiments, subjects are asked to hold the sty-
lus as if they were holding a pen (see Fig. 2). Three-
dimensional position, force and acceleration data are col-
lected for ten seconds at a sampling rate of 1 kHz.

3.4 Subjects

Two subjects participated in the experiment (one female,
S1 and one male, S2). Their average age was 33 years old.
Both are right-handed and report no known sensory or mo-
tor abnormalities with their upper extremities. Only S2 had
participated in our previous psychophysical study of per-
ceptual instability.

Both subjects were experienced users of the PHANToM
device. They were preferred over naive subjects in the cur-
rent study, because the subjects had to place or move the
stylus in a particular manner in order to maintain well-
controlled conditions during data collection. Although we
did not expect recorded signals to be significantly different
across subjects, we nevertheless took data from two sub-
jects in order to check the consistency and generality of
our results.

3.5 Data Analysis

Each ten-second long time-domain signal is processed
as follows. Ten spectral densities corresponding to the ten
one-second segments of the signal are computed and av-
eraged for noise reduction. We use a flat-top window for
precise recovery of the magnitude of each spectral compo-
nent [28]. The frequency and magnitude of each prominent
spectral component are then calculated.

In order to assess the perceived magnitude of these spec-
tral peaks, we compare our data to published literature on
human detection thresholds of sinusoidal movements. In
our experiments, the stylus is in contact with the distal pads
of three fingers (thumb, index finger, and middle finger),
and the web between the thumb and the index finger. We



therefore compare our measurements to detection thresh-
olds taken at the distal pad of the middle finger [32] and at
the thenar eminence [31]. For both sets of data, we choose
the threshold data taken with contactor areas that are clos-
est to our experimental setup (0.3 cm? for finger tip and
1.3 cm? for thenar eminence). It turns out that the thresh-
old curves from both body sites are quite similar at their
respective chosen contact areas. Therefore, the detection
thresholds from [31] at 1.3 cm? are used in our data analy-
sis.

In the preliminary experiments, p,(#) showed the largest
power spectral density among the three positional vari-
ables, as z direction is the normal vector of the underlying
flat wall (see Fig. 2). We therefore compute the perceived
magnitude in dB SL (sensation level) as the difference be-
tween the average spectral density of p,(f) and the detection
threshold at the corresponding frequency.

For the stroking mode (Conditions D, E, F, and G), we
estimate the location of the spectral peak corresponding to
texture information, f,ex, as follows:

[l
L’

where [v,] is the average stroking velocity.

A

f;ex = (5)

4 Experimental Results

As an example of the collected data, the experimental re-
sult for Condition D (stable stroking, Subject S1) are shown
in Fig. 3, along with their power spectral densities. Note
that the power spectral densities below 10 Hz are not shown
because they are suspected to be 1/f noises [28]. The pre-

. dicted location of the spectral component for texture infor-
mation (f,5) is 50 Hz for this data set. As we expected, all
the spectral densities in Fig. 3 show spectral peaks around
50-60 Hz. We therefore infer that the mechanical energy
in this frequency band was responsible for the perception
of desired virtual texture. It can be also observed that no
prominent peaks appear at high frequencies for this condi-
tion. Furthermore, the locations of distinct peaks measured
with three sensors are very consistent, except for the high-
frequency noise in the accelerometer data caused by quanti-
zation error. This consistency across sensor measurements
turned out to be true for all the experimental conditions.

We therefore report only results obtained from the position

data p,(¢) in the rest of this paper.

For the experimental conditions employing the free ex-
ploration mode (Conditions A, B, and C), the power spec-
tral densities of p,(f) exhibit dominant spectral peaks in the
frequency range of 192-240 Hz. An example of such data
(Condition C, Subject S2) is shown in Fig. 4(a). The up-

-per panel is the spectral density function (solid line), along
with the detection thresholds taken from [31] (filled trian-
gles) and the linearly interpolated detection threshold curve
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Table 2. Predicted and measured locations of the spectral
peaks for texture perception. '

Condition | Subject ﬁex (Hz) | fiex (Hz)
D S1 50 56
S2 40 51
E S1 39 41
S2 29 26
F S1 57 62
S2 37 40
G S1 56 65
S2 21 26

Table 3. Intensities of spectral peaks (in sensation level) at
frequencies for texture perception (fr,) and perceived in-
stability (fins). The sensation levels are in dB and the fre-
quencies are in Hz.

Condition LSubjectL SL @ f,., J SL @ fis

A S1 —_ 33.48 @ 221
S2 —_ 39.31 @ 223
B S1 —_ 33.01 @ 192
S2 — 47.84 @ 238
C S1 — 30.92 @ 205
S2 — 48.79 @ 240
D S1 891 @ 56 —_
S2 495 @ 51 —
E S1 1098 @ 41 | 25.57 @ 194
S2 15.67 @ 26 | 25.89 @ 203
F S1 13.83 @ 62 —
S2 8.28 @ 40 —
G S1 23.61 @ 65 | 26.53 @ 203
S2 873 @26 |21.21 @208

(dotted line). The lower panel is the difference between the
power spectral density and the detection threshold curve.
The dotted line indicates the reference line for 0 dB SL.
In both the upper and lower panels, a vertical solid line
is drawn to locate the peak in the spectral density func-
tion. We observe that only the signal components around
the spectral peaks are significantly above the absolute de-
tection threshold. This fact is common to all experimental
data for Conditions A, B, and C. It follows that the high-
frequency spectral peaks observed in all these conditions
are responsible for the perceived instability. This frequency
is denoted by fis.

For each stroking data (Conditions D, E, F, and G), the
predicted frequency fo, of the spectral peak for texture per-
ception (see Eqn. 5) is used to find the location of its cor-
responding actual spectral peak in the data (fy.,). Table 2
shows a close agreement between the values of ﬁex and fi.x,
with an average prediction error of 5.5 Hz. Recall that f,,
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is estimated under the assumption that the subject moved
the stylus with a constant velocity. This may have been
the main source of discrepancy between the predicted and
measured values of fi.x.

An example of the stroking data for perceptually stable
texture rendering is shown in Fig. 4(b) (Condition D, Sub-
ject S1). Only a spectral peak for texture perception at 56
Hz appears in this figure. Fig. 4(c) shows an example of
the stroking data for perceptually unstable case (Condition
E, Subject S2). It is evident that the spectral density func-
tion has prominent peaks (relative to detection thresholds)
at two locations - one corresponding to the perception of
textured surface, and the other to that of instability.

Finally, the sensation levels for spectral components at
frex and fins are summarized in Table 3 for both subjects at
every experimental condition. The average values of f.x
and f;,s are 45.9 and 213.7 Hz, respectively. Note that the
range of frx (26-65 Hz) is well separated from that of fi,;
(192-240 Hz).

5 Conclusions and Discussion

This study has investigated the sources of perceived in-
stability associated with virtual textured surfaces rendered
with a force-reflecting haptic interface. We have measured
the time-series profiles of several physical variables (po-
sition, force and acceleration) at a stylus used by human
observers for exploration of virtual textures. Based on our
previous study [4], we have selected a range of experimen-
tal conditions differing in exploration mode, texture render-
ing method, and perceptual category. The recorded data are
analyzed in the frequency domain. Signal intensities rela-
tive to human detection thresholds of sinusoidal motions
at the corresponding frequencies are reported. We found
that whenever a virtual textured surface is perceived to be
unstable, there is a spectral peak in the measured signal in
the intensity range of 21.21-48.79 dB SL over a frequency
range of 192-240 Hz. For the stroking mode, we are able
to predict, and then locate spectral peaks for texture per-
ception in the recorded data. These lower frequency signal
components, distributed in the frequency range of 26-65
Hz, are responsible for the perception of rendered textures.
The two types of spectral components (26-65 Hz for tex-
ture and 192-240 Hz for instability) are well separated such

that signals in these two frequency ranges are encoded by

different mechanoreceptors (texture by Meissner and insta-
bility by Pacinian corpuscles [1]). They are therefore per-
ceptually distinctive, and their sensory attributes are often
described as “flutter” and “vibration,” respectively [29].
At this point, we have established the parameter ranges
for perceptually stable texture rendering [4], and charac-
terized the signal components responsible for textire and
instability perception (current study). We have yet to iden-
tify the mechanisms that give rise to the high-frequency
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“buzzing” responsible for perceived instability. Towards
this end, a z-axis open-loop frequency response of the
PHANTOM is measured at the origin in the world coor-
dinate frame. The result shows a mechanical resonance
at 218 Hz. Similar resonance frequency has also been re-
ported recently for model 1.5 of the PHANToM [2]. This
resonance seems to be the source of the spectral peaks in
the 192-240 Hz region that have appeared consistently in
our measured data during perceptually unstable texture ren-
dering. To investigate this issue further, we plan to fully
identify the dynamics characteristics of our instrumented
PHANTOM in the near future.

Another issue that is under ongoing investigation is the
effect of collision detection algorithms on the perceived sta-
bility. As shown in Eqn. 1, our algorithm calculates a ren-
dering force when the stylus penetrates the underlying flat
wall instead of the textured surface. This algorithm is com-
monly used due to its computational simplicity (especially
when the underlying surface is more complicated than a
flat plane), but introduces discontinuity in force magnitude.
‘We have conducted psychophysical studies using a render-
ing algorithm that generates a force as soon as the stylus
penetrates the sinusoidal gratings. This allows a smooth
transition in the force magnitude when the stylus goes in
and out of the textured surface. However, the generaliza-
tion of this approach to a textured virtual object may not
be as straightforward as that of the one used in this pa-
per (in particular, on the edges), nor has this issue been
seriously addressed in the literature. In this case, we have
found that stiffness thresholds for stable texture rendering
are higher under some experimental conditions, but compa-
rable to those from our previous study under other condi- .
tions. In terms of the sensations associated with instability,
we have found that subjects judged a textured surface as
unstable when it seemed to be “alive” (i.e., actively push-
ing the tip of the stylus), or when “buzzing” was present.
‘We plan to examine this percept of “aliveness” further by a
measurement-based analysis similar to the one reported in
this paper.
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