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Abstract—Two-interval two-alternative forced-choice discrimination experiments were conducted separately for sinusoidal and

triangular textured surface gratings from which amplitude (i.e., height) discrimination thresholds were estimated. Participants (group

sizes: n ¼ 4 to 7) explored one of these texture types either by fingertip on real gratings (Finger real), by stylus on real gratings (Stylus

real), or by stylus on virtual gratings (Stylus virtual). The real gratings were fabricated from stainless steel by an electrical discharge

machining process while the virtual gratings were rendered via a programmable force-feedback device. All gratings had a 2.5-mm

spatial period. On each trial, participants compared test gratings with 55, 60, 65, or 70 �m amplitudes against a 50-�m reference. The

results indicate that discrimination thresholds did not differ significantly between sinusoidal and triangular gratings. With sinusoidal and

triangular data combined, the average (mean � standard error) for the Stylus-real threshold ð2:5� 0:2 �mÞ was significantly smaller

ðp < 0:01Þ than that for the Stylus-virtual condition ð4:9� 0:2 �mÞ. Differences between the Finger-real threshold ð3:8� 0:2 �mÞ and

those from the other two conditions were not statistically significant. Further studies are needed to better understand the differences in

perceptual cues resulting from interactions with real and virtual gratings.

Index Terms—Haptic texture perception, real texture, virtual texture, amplitude discrimination

Ç

1 INTRODUCTION

HAPTIC texture perception has attracted much research
attention since at least 1925 [1]. To facilitate such

research, a key question one may ask is: What would it take
for us to easily manipulate the feel of surface textures? An
understanding of the physical determinants, the perceptual
dimensionality, and the neural mechanisms of texture
perception is fundamental to addressing this question
(e.g., [2], [3], [4], [5]).

To study the physical determinants and the neural
mechanisms of texture perception, texture samples with
well-controlled surface features are needed. For example,

a multidimensional scaling study using 17 texture patches
(sandpaper, velvet, etc.) found that a three-dimensional (3D)
perceptual space provided a satisfactory representation of
perceived similarity judgment data [5]. The dimensions
were roughness smoothness, hardness-softness, and possi-
bly “springiness” of the texture surfaces. Of the three
dimensions proposed by Hollins et al. [5], much is known
about the roughness-smoothness dimension (see [6], for a
recent review). Typical stimuli used for roughness studies
include sandpapers with varying grit numbers (e.g., [7]),
metal plates with linear grooves (e.g., [8], [9]), raised dots
with controlled height and density (e.g., [10], [11], [12]), and
dithered cylindrical raised elements [6].

An alternative to the aforementioned stimuli is to use 1D
sinusoidal gratings with controlled amplitude and spatial
wavelength, since, according to Fourier analysis, sinusoidal
signals can be viewed as the building blocks of any surface
profile. It is, however, extremely expensive and time
consuming to fabricate high definition (i.e., high precision,
fine resolution) sinusoidal surfaces. We are aware of only
two research groups who used such stimuli previously [9],
[13], [14]. On the other hand, it is straightforward to render
microgeometric features such as virtual sinusoidal gratings
using software-programmable force-feedback devices
(e.g., [15], [16], [17]). Haptic interfaces are similarly well
suited for modulating other perceptual features such as
hardness/softness and springiness (e.g., [18], [19]).

Given the time and cost associated with the fabrication of
high-definition real surface gratings, it should be more
desirable to use virtual textures. Furthermore, it is relatively
easy to alter the parameters of virtual textured surfaces so
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that more efficient experimental methods such as adaptive
psychophysical procedures can be used. To do so requires
that the following two issues be resolved: 1) What does it
mean for real or virtual textures to have “high definition”
sufficient enough for studying human perception of
texture? 2) How valid is it to use virtual textures instead
of real ones for studying human texture perception?

If the goal is to measure the amplitude detection or
discrimination threshold for surface gratings, then the
answer to the first question is that the resolution of the
textured surfaces needs to be on the order of single microns
[13], [14]. Louw et al. found the detection thresholds of real
Gaussian profiles to vary from 1 �m to 8 mm from the
narrowest ð� : 150 �mÞ to the broadest ð� : 240 mmÞ Gaus-
sian-shaped profiles, regardless of whether the shapes were
convex or concave [13]. The thresholds were then converted
to equivalent amplitude detection thresholds for sinusoidal
gratings by matching Gaussian and sinusoidal profiles with
the same maximum slope (cf. [14]), resulting in sinusoidal
gratings threshold estimates of 0.64 to 4:99 �m for spatial
periods of 2.5 to 10.0 mm. For amplitude discrimination,
Nefs et al. reported a threshold as small as 2 �m (reference
amplitude: 12:8 �m, spatial period: 2.5 mm) for sinusoidal
gratings using active dynamic touch [14]. Nefs et al. also
found that amplitude discrimination improved with in-
creasing spatial period (from 2.5 to 10.0 mm). (Note that the
thresholds summarized above are for direct finger-on-
texture contact.)

Lederman [9] demonstrated the inadequacy of tradi-
tional fabrication techniques for producing surface features
of sufficient precision and resolution in haptics research. In
that study, aluminum surfaces with square-shaped gratings
were fabricated using either a cutting bit or an electrical
discharge machining (EDM) technique. The surfaces looked
quite different under a scanning electron microscope (see [9,
Figs. 5 and 6]) and produced different perceived roughness
curves as a function of nominal groove width. It was
reported that lands and grooves were cut to within 50 and
25 �m of their nominal values with the cutting bit and EDM,
respectively. This accuracy was clearly inadequate in light
of the single micron detection and discrimination thresh-
olds measured by Louw et al. [13], and Nefs et al. [14], and
the different surfaces were indeed judged differently in a
magnitude estimation task [7].

In the present study, stainless steel textured surface
samples, with better accuracy and resolution, were fabri-
cated by an improved EDM technique. An additional
polishing step was applied to ensure the smoothness of
the resulting gratings, to reduce the influence of friction on
amplitude discrimination. The final quality of these real
textured surfaces was verified by surface profilometry.

For virtual surface rendering, it should be noted that most
commercially available force feedback devices have a
position resolution on the order of 10 �m or larger. For
example, the Omega.3 (ForceDimension) and the PHAN-
ToM Desktop (SensAble Technologies), respectively, have
nominal position resolutions of < 10 and 23 �m (device
specifications accessed online on 28 April 2012). These
values are likely due to encoder resolution limitations but do
not take linkage or transmission compliance into account. In

the present study, we used a custom-built force-feedback
device with sensor resolution verified for 1:5 �m of end-
point displacement ([20, p. 5]; Fig. 4). The accuracy of virtual
surface gratings rendered with this device was evaluated by
recording the stylus position during lateral stroking and
performing a Fourier analysis to examine the spectral
components of the surface height profile.

To address the second issue of whether virtual instead of
real textures can be used for the study of texture perception,
we compared discrimination thresholds obtained with real
and virtual textures. Ideally, one would prefer to render
virtual textures that cannot be distinguished from real
textures. It is however almost impossible to demonstrate the
equivalence experimentally, short of making interfaces to
real and virtual objects that feel, look, and sound identical
to participants. Even so, several studies have compared user
performance using similar tasks implemented in real and
virtual environments, and the results are mixed. For
example, Buttolo et al. [21] reported almost identical task
completion time in direct and virtual manipulations. In a
study by Unger et al. [22], an interface for a real peg-in-hole
task was built to be like the interface to a magnetic levitation
haptic device, and it was found that participants performed
faster inserting a real peg in a real hole than when using a
maglev device with a virtual peg and hole. A further study
by Unger et al. [23] found that during a roughness
estimation task with virtual textures rendered on a
magnetic levitation device, participants showed the same
psychophysical functions as with a real stylus on real
textured surfaces (reported in [6]).

Metrics other than task completion time and psychophy-
sical functions have also been employed to compare
performance between real and virtual environments. West
and Cutkosky [24] asked observers to count the number of
1D sinusoidal cycles on real and virtual surfaces. The best
accuracy was found using fingertips on real textured
surfaces, followed by a stylus on real textures, with the
lowest accuracy for a stylus on virtual textures. Greenish
et al. [25] demonstrated that tissue identification accuracy for
a real tissue-cutting task was similar to a simulated cutting
task in which force data recorded during real cutting were
played back through a custom-designed haptic device. More
recently, O’Malley and Goldfarb [26] concluded that size-
identification tasks performed with a haptic interface
capable of sufficient force output can approach the per-
cent-correct level in a real environment, but the accuracy of
size-discrimination tasks performed in a virtual environ-
ment was consistently lower than that in a real environment.

Even though results comparing performance in real and
virtual environments remain somewhat inconsistent, there
is a growing trend of studying haptic texture perception
using simulated objects and properties, presumably be-
cause it is much easier to create virtual objects than real
ones. For example, Ikei and Shiratori showed that a pin-
array attached to a force-feedback interface enhanced
tactile texture perception [27]. Kyung et al. investigated
the roles of kinesthetic force feedback, tactile pressure
distribution, vibration, and skin stretch in displaying
surface properties using an integrated mouse-type haptic
display [28]. Campion et al. showed, using a five-bar
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pantograph-type of haptic display, that both the amplitude
and friction coefficient of sinusoidal friction gratings
contribute to perceived roughness of the gratings [29].
Samra et al. found two diverging patterns of roughness
perception for a rotating spiral brush attached to a force-
feedback device [30], [31]. Our own previous studies on
haptic texture perception have used virtual textures
extensively (e.g., [32], [17], [33], [20]).

In the present study, we examined whether similar
amplitude discrimination thresholds can be obtained with
high-definition real and virtual surface gratings using
(nearly) identical experimental methods. We chose ampli-
tude discrimination threshold as a performance metric
because it is a standard measure in psychophysics and
therefore our results can be readily compared to those
available in the literature. We contrasted amplitude dis-
crimination thresholds from three experimental conditions:
stroking a real textured surface with a fingertip (Finger
real), stroking a real grating with a stylus (Stylus real), and
stroking a virtual surface grating with a stylus (Stylus
virtual). To the extent that similar thresholds exist for real
and virtual textured surfaces, we may conclude that
functionally, it is valid to study human texture perception
using synthesized virtual textured surfaces rendered with a
force-feedback device.

We used both sinusoidal and triangular gratings that
varied in one dimension in our study. We chose sinusoidal
gratings because any surface profile can be decomposed into
a sum of sinusoidal gratings via Fourier analysis. The choice
of triangular gratings was based on our interest in studying
surface gratings with greater spectral complexity and
consequently higher spatial frequency contents than the
sinusoidal gratings. We wanted to assess whether ampli-
tude discrimination thresholds were similar (or different)
for real sinusoidal and triangular gratings, and whether
they were likewise similar (or different) for virtual gratings.

There were three main objectives of the present study.
First, we wanted to compare amplitude discrimination
thresholds obtained with real and virtual surface gratings
defined by the same height profiles. This comparison is part
of our ongoing validation of our “ministick” haptic interface
device. Second, we wanted to investigate the effect of
exploration method (fingertip versus stylus) on the thresh-
olds. Finally, we were interested in comparing the thresh-
olds for sinusoidal and triangular gratings obtained under
the same experimental conditions to see whether the
complexity of spectral contents affected discrimination

thresholds. In the following sections, we present the
methods and results and conclude with a discussion.

2 METHODS

In this section, we describe the real and virtual texture
gratings, their validation, experimental procedures, data
analyses, and participants.

2.1 Real Texture Gratings

The real grating samples were machined out of stainless
steel blocks using a wire EDM process. The dimension of
each block was 100 mm (Length) � 30 mm (Width) � 15
mm (Height). It is a time-consuming process to fabricate the
samples and we limited our experiments to one value of
spatial period ð� ¼ 2:5 mmÞ.1 There was one reference
amplitude ðA0 ¼ 50 �mÞ and four comparison amplitudes
ðA1 ¼ 55 �m; A2 ¼ 60 �m; A3 ¼ 65 �m; A4 ¼ 70 �mÞ for both
the sinusoidal and triangular gratings.

The profile of a high-precision sinusoidal grating is

hsinðxÞ ¼ Asin sinð2�x=�Þ; ð1Þ

where hsin denotes the vertical (z) height of the sinusoidal
grating surface, x the horizontal position, Asin the grating’s
sinusoidal amplitude, and � the spatial period. Fig. 1 shows
a sinusoidal grating block with A3 ¼ 65 �m. The profile of a
high-precision triangular grating is

htriðxÞ ¼

4Atri

�
xmod �Atri if xmod <

�

2

� 4Atri

�
xmod �

�

2

� �
þAtri if xmod �

�

2
;

8><
>: ð2Þ

where htri denotes the height of the triangular grating
surface, Atri the grating’s triangular amplitude, and xmod ¼
x modulo �.

After the sample surfaces were sandblasted clean, a
surface profilometer (model Surtronic 3plus, Taylor Hobson,
United Kingdom) was used to verify the surface geometry of
each grating samples at a spatial sampling period of 1 �m.
The tip of the profilometer was moved along the length of
the block (x-axis) while maintaining contact with the surface.

KOCSIS ET AL.: DISCRIMINATION OF REAL AND VIRTUAL SURFACES WITH SINUSOIDAL AND TRIANGULAR GRATINGS USING THE... 183

Fig. 1. A stainless steel block with a sinusoidal surface grating
ð� ¼ 2:5 mm; A3 ¼ 65 �mÞ.

Fig. 2. (Top) Profilometry surface height hðxÞ of the reference sinusoidal
grating sample ð� ¼ 2:5 mm; A3 ¼ 65 �mÞ. (Bottom) Normalized spectral
magnitude of the measured height profile in the top panel.

1. This spatial period corresponded to the interelement spacing that
produced the greatest perceived roughness, according to the roughness
judgments reported in [6] and [34].



The height trace hðxÞ along a fixed y position could then be
plotted and analyzed. Fig. 2 shows the hðxÞ plot for a
sinusoidal grating with A3 ¼ 65 �m and its Fourier trans-
form. It can be seen that the EDM produced a very “clean”

sinusoidal profile. There were no discernable harmonics at
multiples of 400 cycles/m ð1=�Þ. The side lobes were
associated with the sinc function due to the finite sample
length of hðxÞ.

Fig. 3 shows the height map for a triangular grating with
A3 ¼ 65 �m and its Fourier transform. Mathematically, the
Fourier series of a triangular waveform is

Atri
8

�2

� �
sin

2�x

�
þ 1

3

� �2

sin 3
2�x

�
þ 1

5

� �2

sin 5
2�x

�
þ � � �

( )
:

ð3Þ

Therefore, the spectral components of a triangular profile
include its fundamental, a third harmonic with a magnitude
that is 1/9 of that of the fundamental, a fifth harmonic at 1/
25 of the amplitude of the fundamental, etc., as evident in
the bottom plot of Fig. 3. Other than the side lobes visible
primarily around the fundamental component due to
the finite signal length, there was no discernable noise in
the Fourier spectrum.

The profilometer was also used to measure parallel
profiles in the x direction along several y values to check the
grating consistency along the width of the block (y-axis).
The traces were then combined to form a 3D raster-scan plot
of the grating sample. Fig. 4a shows such a plot for the
sinusoidal grating shown in Figs. 1 and 2, while Fig. 4b
shows a 3D raster-scan plot of the triangular grating shown
in Fig. 3. Further Fourier analysis confirmed that each
sinusoidal and triangular grating sample was consistent
along its width.

2.2 Virtual Texture Gratings

The virtual gratings were rendered by a 3-degree of
freedom (DOF) force-feedback device called the “ministick”
[37]. The device is based on the mechanical linkage
described by Adelstein [38] and implemented by Steger
et al. [39], but with a revised ethernet-enabled embedded
controller for stand-alone operation designed and built by
Traylor et al. [37]. The ministick has a calibrated position
resolution of 1:5 �m [20]. Its force commands are updated at
2 kHz. Fig. 5 shows a user interacting with virtual haptic
objects using a stylus.
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Fig. 3. (Top) Profilometry surface height hðxÞ of a triangular grating
sample ð� ¼ 2:5 mm; A3 ¼ 65 �mÞ. (Bottom) Normalized spectral mag-
nitude of the measured height profile shown in the top panel. (Modified
from [35], Fig. 1, � 2007 IEEE).

Fig. 4. 3D raster-scan plots of real texture gratings with a spatial period
of � ¼ 2:5 mm and an amplitude of A3 ¼ 65 �m for (a) a sinusoidal
grating (Modified from [36], Fig. 5, � 2006 IEEE) and (b) a triangular
grating (Modified from [35], Fig. 2, � 2007 IEEE). Both plots show
multiple lengthwise profilometer scans taken at several displacements
along the width of the grating.

Fig. 5. The ministick force-feedback haptic device. The magenta and
cyan patches are an illustration that indicates (roughly) the locations of
the virtual textured gratings being discriminated.



The height map of the virtual sinusoidal and triangular
gratings was the same as (1) and (2) where � ¼ 2:5 mm and
Asin or Atri was selected on the fly from the five amplitude
values of 50, 55, 60, 65, or 70 �m. The feedback force was
calculated as

Fz ¼ K �
�
h xð Þ � pz

�
when pz < h xð Þ

0 otherwise;

�
ð4Þ

where the force Fz always pointed up (i.e., no tangential
component Fx or Fy), hðxÞ was the surface height for the
sinusoidal or triangular gratings, pz was the z position of the
ministick stylus tip, and the stiffness coefficient K was kept
constant at 2.0 kN/m.

The characteristics of the virtual gratings were evaluated
by analyzing recorded position signals in the spatial
frequency domain. Specifically, xðtÞ and zðtÞ were recorded
at a sampling rate of 2 kHz while the virtual grating was
stroked at a uniformly paced speed of 15 mm/s. In order to
compute the power spectral density of zðxÞ to examine the
spatial frequency content of the recorded surface height
signal, cubic spline interpolation was used to resample zðtÞ
at a uniformly spaced x-axis sampling period of �x ¼ 5 �m.

Fig. 6a provides an example of zðxÞ, recorded for a
single stroke of the virtual sinusoidal grating, showing the
peak-to-peak changes in individual bump height as well as
the lower frequency variation in penetration depth along
the z-axis that are typical of user interaction with virtual
surfaces. To assess this variability, power spectrum along
with statistical confidence estimates were made for the
resampled zðxÞ data as follows: After removing the first
and last 500 interpolated (i.e., 2.5 mm along x-axis) points
from each stroke to reduce the transients associated with
initial and final grating contact, periodograms were
calculated from consecutive 2,000-point intervals. With

three periodograms obtained per stroke, the nine strokes of
the sinusoidal grating yielded a total of 27 independent
periodograms that were then averaged within each spatial
frequency bin. Multiplying the resulting mean spectral
density in each bin by the 0.05 cycle/mm bin width results
in the mean-square amplitude. Taking the square root of
the mean squares and multiplying by

ffiffiffi
2
p

provides an
estimate of the equivalent amplitude of the sinusoid in
each spatial frequency bin. As shown in Fig. 6b, the spatial
spectrum indicates a peak at 0.4 cycles/mm ð� ¼ 2:5 mmÞ
with an estimated sinusoidal amplitude of 51:0 �m.

Under the assumption that the original signal variance
has a Gaussian distribution, the spectral density estimate at
each spatial frequency has a �2 distribution. The confidence
interval ([40, p. 192]) for the spectral density estimate, GðfjÞ,
at each spatial frequency, fj, is given by

nĜðfjÞ
�2
n;�=2

< GðfjÞ <
nĜðfjÞ
�2
n;1��=2

: ð5Þ

Thus, following (5), the upper and lower 95 percent
confidence bound ð� ¼ 0:05; n ¼ 27Þ in Fig. 6b indicates
that the sinusoidal grating’s estimated amplitude of
51:0 �m (95 percent confidence interval: 40:3� 69:5 �m) is
not statistically discernible from the commanded ampli-
tude of 50 �m.

The characteristics of the virtual triangular gratings were
similarly evaluated in the spatial frequency domains. Fig. 7a
shows an example of recorded zðxÞ for a single stroke across
a virtual triangle grating. The difference between triangular
and sinusoidal gratings, indicated by the harmonic compo-
nents in (3), is empirically evident in the spatial spectrum
estimate averaged from ten repeated strokes (n ¼ 30
periodograms) in Fig. 7b.
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Fig. 7. Analysis of virtual triangular gratings. (a) Recorded temporal
position of the stylus zðtÞ resampled with respect to x for a triangular
grating with A0 ¼ 50 �m and � ¼ 2:5 mm. (b) Averaged spatial spectrum
magnitude in grating height (darker center line) with 95 percent
confidence upper and lower bounds (upper and lower lighter lines,
respectively).

Fig. 6. Analysis of virtual sinusoidal gratings. (a) Recorded temporal
position of the stylus zðtÞ resampled with respect to x for a sinusoidal
grating with A0 ¼ 50 �m and � ¼ 2:5 mm. (b) Averaged spatial spectrum
magnitude in grating height (darker center line) with 95 percent
confidence upper and lower bounds (upper and lower lighter lines,
respectively).



Fig. 7b indicates the stroked triangle signal grating had a
measured amplitude of 40:8 �m (95 percent confidence
interval: 32:6� 54:5 �m) at the 0.4 cycle/mm ð� ¼ 2:5 mmÞ
fundamental frequency, 4:7 �m (confidence interval:
3:8� 6:3 �m) for the third harmonic at 1.2 cycle/mm
ð� ¼ 0:833 mmÞ, and 1:4 �m (confidence interval: 1:1 �
1:8 �m) for the fifth harmonic at 2.0 cycle/mm ð� ¼
0:5 mmÞ. Respectively, the amplitudes of the fundamental
and these two harmonic components are not statistically
distinguishable from their theoretically predicted levels of
8=�2 � 50 �m ¼ 40:5 �m; 1=9� 40:5 �m ¼ 4:5 �m, and 1=
25� 40:5 �m ¼ 1:6 �m.

2.3 Procedures

The experiments followed a two-interval two-alternative
forced choice paradigm based on signal detection theory
[41]. Four pairs of grating amplitudes were compared
under each experimental condition (Finger real, Stylus
real, and Stylus virtual) for the two grating types:
A0ð50 �mÞ and A1ð55 �mÞ, A0 and A2ð60 �mÞ; A0 and
A3ð65 �mÞ, and A0 and A4ð70 �mÞ, with A0 serving as
the reference in all pairs. Training and trial-by-trial correct-
answer feedback were provided. A total of 200 trials were
collect for each reference-test grating pair. During the
experiments, circumaural hearing protectors (Twin Cup
H10A, NRR 29; Peltor, Sweden) were worn by all
participants to block auditory cues.

For the Fingertip-on-real-grating (Finger real) condition,
the participants were instructed to wash their hands with
soap to remove residual oils on the skin surfaces. The
experimenter and the participant then sat facing each other
across a table with a vertical curtain between them. The
experimenter inserted two samples into a long slot (see
Fig. 8). A piece of felt fabric with two openings slightly
smaller than the grating surfaces (so as to mask the edges)
covered the test apparatus. Before starting, it was
explained to participants that they would feel two different
texture samples and their task was to determine which
sample felt rougher. Participants placed their dominant
hand under the curtain in order to feel the gratings hidden
from view. Only the fingertip of the index finger,
excluding the nail, was allowed to touch the samples.
Participants were free to choose the stroking speed and the
amount of time spent touching the samples. Most
participants adopted a back-and-forth lateral stroking
pattern. For each trial, a computer program determined
the presentation location of the two stimuli (reference

stimulus on the left or right side). The experimenter spun
the test apparatus on the table top several times regardless
of whether the order of the stimuli had changed from the
previous trial. The experimenter then stopped the appara-
tus at the desired orientation so that the grating with the
higher amplitude was either on the left side (stimulus “1”)
or right side (stimulus “2”) from the participant’s view-
point. The participant verbally responded “1” or “2” to the
experimenter who then entered the response into the
computer. Correct-answer feedback was provided to both
the participant and the experimenter by means of two
easily discernable audio tones.

Each run comprised a block of 50 trials with the same
pair of gratings. The participant took a short break between
runs to prevent fingertip numbness. The order of the
16 runs (4 grating pairs �4 runs/pair) per grating type was
randomized for each participant. The experiment was
spread over several sessions with each session lasting 1 to
2 hours, depending on participant comfort.

The procedure for the Stylus-on-real-grating (Stylus real)
condition was identical to that for the Finger-real condition,
except that a stylus was used to stroke the gratings as
opposed to a fingertip. The stylus used for this procedure
was constructed from a single piece of machined Delrin
(Polyoxymethylene) to have the identical look and feel as
the one on the ministick. The stylus measured 106 mm in
length by 5 mm in diameter that tapered over 13 mm to a
1.6 mm (diameter) hemispherical tip at the end that contacts
the grating surface.

For the Stylus-on-virtual-grating (Stylus virtual) condi-
tion, the participant stroked two virtual gratings placed side
by side with a gap of 12.7 mm (0.5 in) (see the color patches
in Fig. 5). Since it took much less time to present pairs of
virtual gratings with the ministick, each run comprised
100 trials. Collection of complete data sets for the virtual-
grating condition required, on average, 3 hours per
participant per grating type compared with 9 hours for
the real-grating conditions. The order of the eight runs
(4 grating pairs � 2 runs/pair) per grating type was
randomized between participants. The participants were
instructed to look away from the ministick, but no curtain
was used for this condition. They were allowed to stroke the
virtual gratings at any pace they felt comfortable. The
participants themselves directly entered either a “1” or “2”
via the computer keyboard based on location of the grating
with the greater perceived roughness. Correct-answer
feedback was provided by a textual display (“Correct” or
“Wrong”) on the computer screen.

Because of the greater time commitment involved, fewer
participants were recruited for the Finger-real and Stylus-real
conditions than for the Stylus-on-virtual-grating condition.

2.4 Data Analysis

For each participant, a stimulus-response matrix for each
grating pair was constructed and the sensitivity index d0

and response bias � were calculated [41]. To estimate the
amplitude discrimination threshold (i.e., the JND—just
noticeable difference) from d0 values, we first calculated
the slope of the best-fitting line by averaging the slopes
from the d0 values corresponding to the four grating pairs:
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Fig. 8. The test apparatus for holding two stainless steel blocks with
surface gratings. The numbers “1” and “2” were used by the
experimenter to determine which grating should be presented to the
left of the participant on each trial. The apparatus was always obscured
by a curtain from the participant’s view.



� ¼ 1

N

XN
i¼1

d0i
�Ai

; ð6Þ

where d0i, the sensitivity index for the discrimination of A0

and Aiði ¼ 1; . . . ; 4Þ, was divided by the respective differ-
ence between the reference and test grating amplitudes,
�Ai ¼ Ai �A0, and then averaged by N , the number of
grating amplitude pairs). The “Just-Noticeable Difference”
was then calculated as the amplitude difference �A ¼
A�A0 for which d0 ¼ 1, or equivalently, JND ¼ 1=� (see
also [42]). This process is illustrated in Fig. 9.

2.5 Participants

Fifteen individuals (P1-P15) examined the sinusoidal grat-
ings. Among those, four (2M/2F) took part in the Finger-
real condition, four (2M/2F) in the Stylus-real condition,
and seven (3M/4F) in the Stylus-virtual condition. Thirteen
different participants (P16-P28) were tested with the
triangular gratings. Among them, four (2M/2F) took part
in the Finger-real condition, four (2M/2F) in the Stylus-real
condition, and five (3M/2F) in the Stylus-virtual condition.
All participants except for one (P5) were right handed and
reported no known conditions that would compromise their
sense of touch. Seven participants (P1, P2, P10, P18, P19,
P20, P24) were laboratory research staff who had previous
experience with haptic studies. The rest of the participants
were remunerated for their time.

3 RESULTS

The amplitude discrimination thresholds for sinusoidal
gratings are shown in Table 1. The participants’ average
thresholds (mean � standard error of mean) for a reference
amplitude of 50 �m under the Finger-real, Stylus-real, and
Stylus-virtual conditions were 3:9� 0:4; 2:4� 0:4, and
4:9� 0:2 �m, respectively.

With a complete independent-groups design, the para-
metric one-way ANOVA showed that the experimental
interface condition had a significant effect ðF2;12 ¼ 15:192;
p < 0:001Þ on discrimination thresholds for sinusoidal grat-
ings. Posthoc Newman-Keuls contrasts indicated that this
effect was due to the Stylus-real thresholds being signifi-
cantly smaller than those for either the Stylus-virtual (critical
difference ¼ 1:57 �m, p < 0:01) or Finger-real (critical differ-
ence ¼ 1:08 �m; p < 0:05). The thresholds for the Stylus-
virtual and Finger-real conditions, however, were not

significantly different from each other. Because the Gaussia-
ness of the threshold data cannot be ascertained from our
small sample size, a nonparametric (i.e., distribution free) test
was used to corroborate this finding. The Kruskal-Wallis test
for independent groups again indicated that the experimen-
tal condition had a significant effect (Ĥ4;4;7 ¼ 9:953; p < 0:01).
Nonparametric (Kruskal-Wallis) post hoc contrasts, how-
ever, showed that only the Stylus-virtual and Stylus-real
thresholds differed significantly from each other ðp < 0:01Þ.
Therefore, we conclude that the detection thresholds for
sinusoidal gratings differ significantly only between the real
and virtual stylus conditions but do not draw conclusions for
contrasts involving the Finger-real condition.

The amplitude discrimination thresholds for triangular
gratings are shown in three panels for the three grating-
stylus conditions in Table 2. The participants’ average
thresholds for the Finger-real, Stylus-real, and Stylus-virtual
conditions were 3:7� 0:3; 2:6� 0:2, and 4:8� 0:5 �m, re-
spectively, for a 50-�m reference amplitude.

The parametric one-way independent-groups ANOVA
showed that the experimental interface condition had a
significant effect ðF2;10 ¼ 7:468; p < 0:02Þ on thresholds for
triangular gratings. Post-hoc Newman-Keuls contrasts
indicate that this effect was due to the Stylus-real thresh-
olds being significantly smaller than those for the Stylus-
virtual condition (critical difference ¼ 2:09 �m; p < 0:01).
The other two possible threshold pairings according to
interface were not significantly different from each other.
The nonparametric Kruskal-Wallis test for independent
groups again indicated that the experimental condition had
a significant effect (Ĥ4;4;5 ¼ 7:596; p < 0:05), while nonpara-
metric post hoc contrasts supported the finding that only
the Stylus-virtual and Stylus-real thresholds differed sig-
nificantly ðp < 0:01Þ. Thus, for triangular gratings, we
conclude that the real and virtual stylus conditions differ
significantly but do not draw conclusions for contrasts
involving the Finger-real condition.
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Fig. 9. Illustration of data processing scheme using fictitious data. The d0

values (� std. error) associated with the four grating pairs, plotted
against �A, the amplitude difference between a pair of gratings, are
shown. The best fitting line, its slope and estimated amplitude JND are
also shown.

TABLE 1
Discrimination Thresholds (in �m) by

Experimental Condition for Sinusoidal Gratings



The individual and average threshold results for both
sinusoidal and triangular gratings are summarized in
Fig. 10. Visual inspection indicates that while thresholds
differed significantly across the three experimental condi-
tions, there was little difference between the sinusoidal
and triangular gratings. A two-way independent-groups
ANOVA from pooled data again reveals a significant main
effect for experimental interface condition ðF1;22 ¼ 21:18;
p < 0:0001Þ. However, neither the grating type ðF2;22 ¼
0:011; p < 0:916Þ nor the interaction between grating type
and experimental condition ðF2;22 ¼ 0:091; p < 0:913Þ were
significant. When combined across the sinusoidal and
triangular grating profiles, the average discrimination
thresholds for the Finger-real ð3:8� 0:2 �mÞ, Stylus-real
ð2:5� 0:2 �mÞ, and Stylus-virtual ð4:9� 0:2 �mÞ conditions
all differed significantly ðp < 0:01Þ from each other accord-
ing to Newman-Keuls post-hoc contrasts (Finger-real
versus Stylus-real, critical difference 1:10 �m; Stylus-real
versus Stylus-virtual, critical difference 1:16 �m; Finger-
real versus Stylus-virtual, critical difference 1:01 �m).
While the Kruskal-Wallis nonparametric test supports the
observation of a significant main effect for experimental
condition for the combined sinusoidal and triangular data
ðH8;8;12 ¼ 18:87; p� 0:01Þ, the accompanying nonpara-
metric posthoc analysis indicates, however, that again only
the real and virtual stylus condition thresholds differed
significantly ðp < 0:01Þ.

4 DISCUSSION

Our amplitude discrimination thresholds for the Finger-real
condition can be compared directly with that obtained by
Nefs et al. [14] where similar stimuli and methods were
used. Specifically, we found a discrimination threshold of
3.9 and 3:7 �m, or 7.8 and 7.4 percent of the reference
amplitude of 50 �m, for sinusoidal and triangular gratings,
respectively. Nefs et al. found a discrimination threshold of
8 �m for sinusoidal gratings with a similar reference

amplitude of 51:2 �m and an identical spatial-period of
2.5 mm. The smaller threshold found in the present study
may be the result of a difference in the instructions given to
the participants. In Nefs et al. [14] study, the participants
could only stroke the textured surfaces twice from side to
side, whereas in the present study participants were allowed
to stroke the surfaces as many times as they wished. In our
pilot tests, we had tried to limit the number of strokes to two,
but found the task to be too difficult to perform. We then
decided to let the participants feel the textures for as long as
needed in order to determine the best achievable thresholds
(personal communications with R. Klatzky and S. Lederman
in 2004). A second difference is the use of feedback. In Nefs
et al.’s study, feedback was given only during practice trials.
In our present study, trial-by-trial correct-answer feedback
was provided throughout the main experiment. Therefore,
the 3.9 and 3:7 �m results from our Finger-real condition
may be viewed as a lower bound threshold for amplitude
discrimination of sinusoidal and triangular gratings with a
50 �m amplitude and a 2.5 mm spatial period. The 8 �m
value from Nefs et al. [14] may be considered a typical
threshold for amplitude discrimination of similar sinusoidal
(51:2 �m amplitude) gratings.

In the Stylus-real condition, average discrimination
thresholds were 2.4 and 2:6 �m, or 4.8 and 5.2 percent
of the reference amplitude of 50 �m for the sinusoidal and
triangular textures, respectively. Our finding, that ampli-
tude discrimination thresholds for texture gratings were
marginally (i.e., by parametric but not by nonparametric
statistical analyses) higher for the Finger-real condition than
for the Stylus-real condition, is perhaps counterintuitive
considering the fact that more information is available
through direct fingerpad exploration than probe-mediated
exploration of textures [11], [12]. The real textures, when
explored with the bare finger, convey spatial (size of
microstructures) and intensive (depth of microstructures)
information as well as temporal (vibration) information
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Fig. 10. Comparison of amplitude discrimination thresholds for sinusoi-
dal (open circles) and triangular gratings (open triangles) under the three
experimental conditions. Each open symbol represents one individual
participant’s threshold and is slightly offset for clarity. The average
thresholds are shown with filled symbols.

TABLE 2
Discrimination Thresholds (in �m) by

Experimental Condition for Triangular Gratings



arising from lateral stroking of the grating. During normal
active touch (i.e., during volitional limb movement) with
the bare skin, observers rely mainly on spatial-intensive
information and can ignore vibratory frequencies to judge
texture intensity (i.e., roughness). The virtual texture, on
the other hand, can only be experienced via the mechanical
vibration of the haptic interface linkage produced by the
interaction between the stylus’s virtual tip and texture as the
grating is stroked. As is the case for exploring the real
textures with a rigid stylus, observers can make use of
vibratory sensations caused by stylus-grating interaction in
conjunction with the kinesthetic feedback from their move-
ment to judge texture intensity. One might thus expect
that the thresholds for the Finger-real condition be lower
than those for the Stylus-real condition. However, according
to the following paragraph, sensory desensitizing/adapta-
tion might have played a bigger role in the Finger-real
condition than in the Stylus-real condition.

There may be several reasons why the thresholds obtained
with the stylus are lower than those obtained with the
fingerpad for real texture samples. First, even though care
was taken to ensure breaks between runs in the Finger-real
condition, it was still possible that the fingerpad was
becoming slightly desensitized from the repeated rubbing
against the stainless steel surfaces. Second, the contact area
between the stylus and the hand with the Stylus-real
condition was spread across the fingerpads of the thumb,
index, and middle fingers, resulting in a larger total contact
area for detection of temporal vibration patterns. Previous
studies have shown that larger contact area can lead to lower
thresholds (e.g., [43], [44]). Third, according to anecdotal
notes, the Stylus-real condition led to “crisper” or “sharper”
sensations than the Finger-real condition. The strong vibra-
tions transmitted by the probe from stroking the textured
surfaces might have made it easier to discriminate the
roughness between pairs of textures.

In the Stylus-virtual condition, average amplitude dis-
crimination thresholds of 4.9 and 4:8 �m (9.8 and 9.6 percent
of the reference amplitude of 50 �m) were found for the
sinusoidal and triangular textures, respectively. This value
can be compared to results from a series of experiments on
haptic texture perception using force-feedback devices [15],
[16], [45], [46], [47], [48]. Our Stylus-virtual sinusoidal
condition is similar to Weisenberger and Krier’s study [45]
where 2D sinusoidal “bumps” were simulated on a
PHANToM force-feedback device. They estimated ampli-
tude JNDs over a range of amplitude and spatial frequency
values. For gratings with a spatial frequency of 3.88 cycles/
cm, which is close to the 2.5 mm (4 cycles/cm) wavelength
of the present study of 1D gratings, they found JNDs of
roughly 0.15 mm (25-12.5 percent of the reference) for a 0.6-
1.2 mm reference amplitude range. Thus, even though
Weisenberger and Krier’s [45] stimulus amplitudes were 10-
20 times larger than ours, when expressed as Weber
fractions, our results for the Stylus-virtual condition and
their smaller Weber fractions are roughly comparable
considering the many differences in stimuli, apparatus,
and experimental procedures between the two studies.

A possible explanation for better performance in the
Stylus-real condition than the Stylus-virtual condition is the
difference in surface stiffness. Touching of real and virtual
surfaces is inherently different. Specifically, a real stainless

steel surface has an almost infinite stiffness and cannot be
penetrated by the stylus, whereas an impedance implemen-
tation of a virtual surface has a limited stiffness and must
be penetrated by a virtual stylus before it can be perceived.
The latter results in movement profiles that “drift” slightly
in the height direction (z-axis) of the grating profiles (see
Figs. 6a and 7a). This might have affected the participants’
ability to discriminate the amplitudes of pairs of sinusoidal
or triangular gratings as effectively in the Stylus-virtual
condition as in the Stylus-real condition. Another factor is
that, unlike the real textures, the method we employed for
rendering both virtual sinusoidal and triangular gratings,
expressed by (4), offers resistance to surface penetration but
no tangential resistance, i.e., friction. However, despite the
many differences between the experiments on real and
virtual textures, the thresholds are actually remarkably
similar (i.e., within a factor of 2). Future studies will
investigate this issue further by increasing the stiffness
constant in (4) in the rendering algorithm.

Regardless of the experimental interface condition, the
discrimination thresholds obtained for the sinusoidal and
triangular gratings were not statistically distinct. There are
two possible explanations for this finding. One possibility is
that the spatial harmonic components of the triangular
gratings were not sufficiently strong to contribute to the
perception of a triangular grating. Thus, the triangular
gratings used in the present study felt like sinusoidal
gratings and one would expect similar amplitude discrimi-
nation thresholds for both types of gratings. This turned out
not to be the case because the third harmonic component of
a 50-�m triangular grating has an amplitude of 4:5 �m at a
spatial frequency of 1.2 cycle/mm, which is above the
detection threshold of 1:9 �m for a sinusoidal component at
a similar spatial frequency of 1.25 cycle/mm reported in
[20]. Therefore, the findings of Cholewiak et al. [20] would
have predicted that the triangular gratings used in the
present study should feel different from the sinusoidal
gratings used in the present study. A second explanation is
that the differences in the amplitudes of the harmonic
components of the triangular gratings used in the present
study, whether they were real or virtual, were below human
discrimination thresholds and therefore did not contribute
to the overall amplitude discrimination task for triangular
gratings. There are no experimental data available at this
time to assess the second explanation. A future study could
involve direct comparisons of sinusoidal and triangle
grating stimuli to discern whether spatial harmonics have
a role in establishing the different percepts.

Klatzky and Lederman [49] demonstrated that partici-
pants perceived raised dot textures with smaller interele-
ment (i.e., dot) spacing as being rougher when experienced
with a smaller than a larger diameter probe tip, and least
rough with the bare finger tip. But, as interelement spacing
was increased, the ordering of perceived roughness by
probe sizes and fingertip was reversed. Equating interele-
ment spacing between raised dots with the spacing between
our textures’ ridges would indicate that the crossover in
Klatzky and Lederman’s roughness ordering occurred
approximately at the wavelength of our sinusoidal and
triangular gratings. While increased subjective roughness
ratings in Klatzky and Lederman’s study can be expected to
correspond to higher sensitivity and lower threshold,
predicting whether the finger or stylus should produce
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smaller thresholds in our present experiments is difficult for
two reasons. First, as noted above, there is a probe tip
diameter dependent crossover in roughness ratings [12],
[49], suggesting that threshold magnitudes should be
comparable for the finger and probe (stylus) near the
wavelength of our textures. Second, the probe tip in our
Stylus-virtual condition is modeled as a simple point that
has a zero diameter. Extrapolating from the two probe tip
diameters in Klatzky and Lederman’s study [49] down to
our virtual tip’s zero diameter might lead one to expect the
roughness rating crossover point to shift to a lower
interelement spacing than our present grating wavelength.
Such a shift would make the perceived roughness greater
and, therefore, the threshold lower for the finger than for
the virtual probe. However, we are unable to conclude a
statistically significant difference between the thresholds
obtained with the bare fingertip and those with the stylus.

Finally, a main motivation of the present study was to
investigate the efficacy of virtual gratings in studying
human texture perception. A recent study by Unger et al.
[23], using a six-axis magnetic levitation haptic device for
virtual textured haptic surfaces, demonstrated similar
psychophysical functions for roughness magnitude estima-
tion of real and virtual textures when probe geometry and
velocity were taken into account in the virtual texture
model. The results of the present study indicate a twofold
difference between the amplitude discrimination thresh-
olds obtained with a stylus on real gratings ð2:5 �mÞ and
those on virtual gratings ð4:9 �mÞ. The larger thresholds
associated with the virtual gratings could be due to the
limited stiffness of the virtual surfaces that resulted in
variable peak-trough distances traveled by the probe
(compare Figs. 6a and 7a with the top panels of Figs. 2
and 3, respectively) when stroking the virtual gratings.
Also, as noted above, our virtual textures did not provide
tangential resistance forces (i.e., parallel to the stroke
direction). Furthermore, even though every effort was
made to use the same psychophysical testing protocol with
both real and virtual surfaces, it appeared that the
participants put in more effort with real texture gratings
when the experimenter presented and recorded every trial
and the correct-answer feedback signal could be heard by
both the experimenter and the participant. Overall, the
thresholds obtained in the present study are very similar
considering the several differences between the Finger-real,
Stylus-real, and Stylus-virtual experimental conditions.

Our results should be viewed in the context of the
specific conditions employed in the present study. For
example, our study focused on the perception of surface
roughness due to grating amplitudes. It is known that
friction (or stickiness) also plays an important role in haptic
texture perception [5], [29]. Future work needs to carefully
assess the extent to which lateral force profiles can be
successfully simulated with a haptic device. In addition,
the gratings used in the present study do not reflect the
complexity of surface textures encountered in our daily
lives. Other factors, such as surface stiffness and thermal
properties, all need to be taken into account when studying
haptic texture perception.

What is emerging from the present as well as our
previous studies is the extraordinary sensitivity of human
skin to the vibrations resulting from stroking a surface with
microgeometric height variations, i.e., differences on the

order of microns. By conducting parallel experiments with
high-definition real textures and virtual surfaces rendered
by a high spatial-resolution force-feedback device, we have
shown that, like the magnetic levitation haptic device [23],
the ministick is a useful experimental platform for studying
human texture perception. In addition to the repeated
upfront costs associated with the fabrication of new real
stimuli at the onset of a perceptual study, the use of real
surface textures also entails the relatively cumbersome
manual exchange of specimens during the experiment.
Thus, virtual textures rendered by very high performance
haptic interfaces open the door to a wide range of studies
that otherwise could not have been conducted easily,
quickly, or economically (e.g., [20], [23]). We hasten to
point out, however, that due to the different perceptual cues
that are available from using a finger and a stylus, care
should be taken when comparing results obtained with the
bare fingertip and those with the stylus. Finally, a direct
comparison of the results under the Stylus-Real and Stylus-
Virtual conditions indicates that performance was better
(i.e., thresholds were lower) for real gratings than for virtual
gratings, at least as rendered with the current ministick.
Further empirical and theoretical studies are needed to
develop better virtual models that capture the essential
properties of real gratings.
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