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Tactile Perception of Virtual Edges and Gratings
Displayed by Friction Modulation via Ultrasonic

Actuation
Muhammad Khurram Saleem, Cetin Yilmaz, and Cagatay Basdogan

Abstract—Tactile discrimination and roughness perception of real textures are extensively studied and underlying perceptual
mechanisms are relatively well-established. However, tactile perception of virtual textures rendered by friction modulation techniques
on touch surfaces has not been investigated in detail yet. In this study, we investigated our ability to discriminate two consecutive step
changes in friction (called edges), followed by discrimination and roughness perception of multiple edges (called periodic gratings). The
results showed that discrimination of two consecutive edges was significantly influenced by edge sequence: a step fall in friction (FF )
followed by a step rise in friction (RF ) was discriminated more easily than the reverse order. On the other hand, periodic gratings
displayed by consecutive sequences of FF followed by RF were perceived with the same acuity as compared to vice versa.
Independent of the edge sequence, we found that a relative difference of 14% in spatial period was required to discriminate two
periodic gratings. Moreover, the roughness perception of periodic gratings decreased with increasing spatial period for the range that
we have investigated (spatial period > 2 mm), despite the lack of spatial cues on grating height. We also observed that rate of change
in friction coefficient was better correlated with the roughness perception than the friction coefficient itself. These results will further
help to understand and design virtual textures for touch surfaces.

Index Terms—Tactile perception, ultrasonic vibrations, surface haptics, textures, friction modulation

F

1 INTRODUCTION

TOUCH-ENABLED devices like smartphones and tablets
are ubiquitous now-a-days, and are being used every-

day for telecommunication, e-commerce, games and enter-
tainment, professional and social networking, information
gathering on the Internet, etc. However, all the devices
commercially available today provide visual and auditory
feedback to their users but almost no tactile feedback,
though it is known that tactile feedback improves task
performance and realism when interacting with digital data
[1]. Moreover, tactile sensation is a significant factor for
preference and admiration of certain consumer products
due to their texture. Therefore, a great deal of research
is being carried out in recent years to develop and study
techniques that can render tactile information on touch-
enabled devices. In this regard, ultrasonic actuation and
electrovibration are two emerging techniques that work on
the principle of friction modulation. Ultrasonic actuation
reduces, while the electrovibration increases the friction be-
tween fingerpad and touch surface. In ultrasonic actuation,
a surface is vibrated at an ultrasonic resonance frequency,
which creates a lubrication effect between fingerpad and
the surface due to bouncing of fingerpad on a cushion of
squeezed air [2], [3]. In electrovibration, an electrostatic force
of attraction is produced by applying a voltage signal to
the conductive layer of a capacitive touch screen, which
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increases the friction between its surface and fingerpad [4],
[5].

Friction modulation techniques can potentially display
a variety of tactile stimuli on the interaction surface of
touch-enabled devices. For example, periodic modulation of
friction magnitude generates a feeling of textured surfaces
[6]–[16]. Alternatively, data-driven techniques can be used
for more realistic rendering of virtual textures [17]–[20].
Moreover, tactile rendering of 3D virtual shapes or bumps is
possible by mapping the gradients of a surface to magnitude
of friction forces [21], [22]. Finally, short duration friction
pulses can render virtual edges or haptic-detents, which can
improve the user performance in target acquisition tasks [1],
[23]–[25], and enhance the design and use of virtual widgets
such as knobs in digital user interfaces [26], [27].

To use friction modulation techniques effectively for
texture rendering, it is important to understand our tactile
perception of textures and the underlying mechanisms. For
example, several studies have already shown that roughness
is one of the most critical perceptual dimensions in differ-
entiating real surfaces [28]–[31]. Furthermore, it has been
observed that temporal cues (mediated by PC-afferents)
play a dominant role in the discrimination and roughness
perception of fine surface features (micro-textures), while
spatial cues (mediated by SA1-afferents) are found to be
dominant in the discrimination and roughness perception
of coarser ones (macro-textures) [32], [33].

To investigate the discrimination and roughness percep-
tion of macro-textures, surfaces with periodic topographies
such as raised-dots and linear gratings have been typically
utilized in earlier studies. This is due to the fact that the
real surfaces we touch and interact in our daily life have
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complex topographies and frictional properties, which make
them difficult to study systematically in tactile perception
studies. Since, this study is focused on linear gratings, the
related literature on tactile perception of real and virtual
gratings is discussed in detail below.

1.1 Discrimination and Roughness Perception of Real
Gratings
Discrimination and roughness perception of real gratings at
macro scale is primarily governed by spatial cues. Several
studies have shown that the roughness perception of linear
gratings increases with groove width and decreases with
ridge width [34]–[40]. On the other hand, Drewing [41]
investigated the roughness perception of linear gratings
having a low ridge height for spatial periods varying from
0.5 to 10 mm and observed an inverted U-shape trend in
roughness perception. The difference in results between [41]
and the previous studies [34]–[40] is related to the degree
of spatial deformation of fingerpad under normal loading
[34]. Increasing the groove width allows the fingerpad
to penetrate between the ridges, thus increasing the skin
deformation, and consequently the perceived roughness.
However, when the ridge height is low, fingerpad contacts
the base surface more easily. Therefore, any further increase
in groove width does not increase the penetration between
the ridges, resulting in a drop in perceived roughness.
Furthermore, it has been shown that the discrimination and
roughness perception of macro-textures are not affected by
finger velocity [35], [42], [43]. This finding further supports
the notion that roughness perception of macro-textures is
mediated by a spatial mechanism.

Nevertheless, contribution of temporal cues in the dis-
crimination and roughness perception of macro-textures
cannot be fully ignored. Morley et al. [36] have noted a drop
in discrimination performance (Weber fraction increased
from 5% to 10%) when the finger is pressed on the surface
without sliding (i.e. static contact). This drop in discrimina-
tion is due to the lack of finger movements, which provide
additional vibration cues enhancing the perception. Simi-
larly, Kocsis et al. observed an increase in discrimination
performance of linear gratings when they were explored
with a rigid probe [44]. This was due to the efficient transfer
of vibration cues as a result of an increase in the skin contact
area (i.e. holding the probe increases the area in contact
with the hand, as compared to a fingerpad exploring the
same surface). Cascio and Sathian [39] observed a significant
influence of temporal frequency on the discrimination and
roughness perception of linear gratings for varying ridge
width, but not for groove width.

1.2 Discrimination and Roughness Perception of Vir-
tual Gratings
Tactile discrimination and roughness perception of virtual
gratings are less studied, and the perceptual mechanisms
behind them have not been fully understood yet. Obviously,
better understanding of these mechanisms is important for
effective rendering of virtual textures.

Roughness perception of virtual gratings was investi-
gated using force feedback devices in [45]–[48]. The results
suggest that a trend similar to that of real gratings can be

observed if the device can resolve forces in 3D to simulate
surface topography [48]. On the other hand, conflicting
trends in roughness perception have been reported for force
feedback devices which can only resolve 2D forces (in
planar direction). Klatzky and Lederman [45], [46] utilized
a haptic mouse that can modify sliding resistance only
and found that perceived roughness increases with spatial
period for the range varying from 0.08 to 8 mm. Smith
et al. [47] rendered periodic gratings (varying from 1.5 to
8.5 mm in spatial period) using a force feedback device
which could only display tangential forces resisting to the
planar movements. Unlike [45], they observed a decrease
in roughness perception when spatial period was increased.
They also observed a strong influence of friction coefficient
and tangential force on roughness perception.

The discrimination and roughness perception of periodic
gratings, rendered on a surface using friction modulation
techniques have been far less studied. Vardar et al. [12]
investigated the roughness perception of periodic gratings
displayed by electrovibration. They compared four wave-
forms; sine, square, triangular and saw-toothed waves with
spatial periods varying from 0.6 to 8 mm. The width of
periodic high friction regimes (analogous to ridge width)
was taken as 0.5 mm, while the width of low friction
regimes (analogous to groove width) was varied. The finger
velocity was controlled indirectly by displaying a visual
cursor moving at 50 mm/s. The results showed that square
waveform was perceived as the roughest, while there were
no significant differences between the other three wave-
forms. The perceived roughness followed an inverted U-
shaped trend as a function of spatial period with a peak
value around 2 mm. The discrimination of periodic gratings,
rendered on a touch surface by ultrasonic actuation was
investigated in [7]. Four standard and eight comparison
gratings in square waveform were rendered. The width ratio
of high to low friction regimes was always kept constant.
The finger velocity was not controlled. The results showed
that the difference threshold (JND) increases with spatial
period (0.2, 0.32, 0.47 and 0.8 mm for spatial period of 2.5,
3.5, 5 and 10 mm, respectively), but unlike real gratings [49],
Weber fraction remained almost constant (varied between 8
and 10 %).

1.3 Problem Statement and Objectives
The above discussion shows that discrimination and rough-
ness perception of real textures are extensively investigated,
and the underlying perceptual mechanisms are relatively
well-established. However, corresponding studies for vir-
tual textures are limited, particularly the ones displayed by
friction modulation techniques. In fact, there is no in-depth
study exploring the roughness perception of virtual textures
displayed by ultrasonic actuation. It has been shown that a
step increase in friction casts a stronger perceptual effect as
compared with a step fall in friction [50]. However, how
multiple changes in friction affects the tactile perception of
periodic gratings is yet to be established.

This study aims to explore the roughness perception
of virtual periodic gratings at macro-scale, rendered on a
glass surface by using ultrasonic actuation technique. Since
it is important that the tactile stimuli must be discrim-
inable (distinct) in the first place for the estimation of their
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Fig. 1: Analogy between real textures and virtual textures
rendered by ultrasonic actuation in our study.

TABLE 1: List of symbols

Name Symbol
Vibration Amplitude Vamp

Finger Velocity fv
Rendering Length Rlength

Spatial Period SP
Temporal Frequency ω

Relative Difference Between Spatial Periods Rdiff

Rising Friction Edge RF
Falling Friction Edge FF

Edge Sequence Eseq

Rising Edge Followed by Falling Edge RF → FF
Falling Edge Followed by Rising Edge FF → RF

Distance Between Two Edges ∆x
Duration Between Two Edges ∆t

High Friction Width HFW
Low Friction Width LFW

Ridge Width RW
Groove Width GW

Waveform Wfrm

Dynamic Friction Coefficient µ
Rate of Change in Friction Coefficient dµ/dt

Normal Force Fn

roughness perception, we initially investigated the tactile
discrimination of virtual edges and gratings. Consequently,
the results of discrimination experiments were used in the
design of the roughness perception experiment. Since fric-
tion modulation by ultrasonic actuation cannot render all
the spatial cues (such as grating height) necessary for the
activation of spatial neural mechanism, we hypothesized
that roughness perception of virtual gratings will mainly
rely on temporal cues. To test this hypothesis, we rendered
a set of discriminable periodic gratings in different spatial
periods and investigated their roughness perception. To cre-
ate an analogy between virtual and real gratings, we define
the width of high friction regime (HFW ) as a counterpart of
ridge width (RW ), and width of low friction regime (LFW )
as a counterpart of groove width (GW ), as shown in Fig. 1.
The hierarchy of the psychophysical experiments conducted
in this study is given in Fig. 2. The symbols frequently used
in the text are listed in Table 1.

2 EXPERIMENTAL SETUP

Our variable friction tactile display was a 100 × 60 mm
glass surface, actuated at 26.9 kHz using two piezoelectric

actuators (7BB-35, Murata Manufacturing). A small piezo-
electric patch (FT-10.5T, Kepo Electronic), calibrated by a
Laser Doppler Vibrometer (OFV-551, Polytec), was utilized
to measure the instantaneous vibration amplitude (Vamp) of
the surface. The surface has a response time of 2 ms approx-
imately. A high resolution force sensor (Nano17 Titanium,
ATI Industrial Automation) was placed under the glass
surface to measure the normal and tangential forces acting
on the finger. A motorized stage was used to move the
participant’s finger at a constant velocity (fv). For further
details on the experimental setup, the readers are referred
to [50].

3 EXP-1: DISCRIMINATION OF TWO CONSECU-
TIVE VIRTUAL EDGES

The purpose of this experiment was to estimate the spatial
threshold distance between two consecutive virtual edges.
An edge was rendered either by rising friction (RF ) or
falling friction (FF ).

3.1 Participants
Twenty participants (5 females) volunteered to take part in
the experiment. The average age of the participants was
28.8 ± 4.1 years. The participants used the index finger of
their dominant hand during the experiments. Their finger
and the surface were cleaned with alcohol before the start
of each experimental session. To eliminate any perceptual
bias due to the surrounding noise, the participants were
asked to wear noise cancellation headphones, and white
noise was played to their ears. There was a short training
session at the start of each experiment to familiarize the
participants with the experimental setup and procedures.
The participants read and signed the consent form before
the experiments. The form was approved by the Ethical
Committee for Human Participants of Koc University.

3.2 Experimental Design
We considered three independent factors for the experimen-
tal design: finger velocity (fv = 30 and 60 mm/s), vibration
amplitude (Vamp = 1 and 2 µm), and edge sequence (Eseq

= FF → RF and RF → FF ). In FF → RF , we
varied low friction width (LFW ) between two edges, while
high friction width (HFW ) was varied in RF → FF as
elaborated in Fig. 3(a). Therefore, there were a total of 8
rendering conditions in this experiment.

3.3 Procedure
We rendered the first edge after moving participants’ finger
via the motorized stage for 20 mm (to ensure steady mo-
tion), as shown in Fig. 3(a). The distance (∆x) between two
consecutive edges (i.e. low friction width or high friction
width) was initially set to the maximum value of 15 mm,
but then adjusted dynamically based on the participants’
response. When the motion was stopped, participants were
asked if they felt two distinct edges. If their response was
“YES”, we decreased distance by 2.5 dB, however, if they
reported only one edge (“NO” response), we increased
the distance by 2.5 dB. We presented the stimuli on the
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Fig. 3: Experimental procedure for evaluating the spatial
threshold distance between two consecutive virtual edges
(EXP-1); (a) desired edge sequences (Eseq), (b) an example
for experimental trial.

rightward and leftward direction of their finger scan. The
process was repeated for twelve reversals. If they could
not detect two edges even after a distance of 15 mm, we
restarted the experiment (twice only) after a short break.
They were allowed to repeat a trial only once. They had
to lift their finger up at the end of each scan to wait for the
next one. We implemented this protocol to remove any build
up stress on their finger during tangential motion. It took
5 to 7 minutes for participants to reach a threshold value
under each rendering condition. To reduce the learning
effect, we permuted the order of rendering conditions by
which participants performed the experiment. Each partici-
pant completed the experiment in two days (four rendering
conditions per day).

We calculated the spatial threshold distance (∆x) by
averaging the last eight reversals of each trial (see Fig. 3(b)).
The spatial threshold distance was converted to temporal
threshold duration (∆t) by dividing it with finger velocity
(fv). We performed three-way repeated measure ANOVA
to analyze the effects of independent factors finger velocity,

0 2 4 6 8

1: 30 mm/s, 1 m, FF  RF

2: 30 mm/s, 1 m, RF  FF

3: 30 mm/s, 2 m, FF  RF

4: 30 mm/s, 2 m, RF  FF

5: 60 mm/s, 1 m, FF  RF

6: 60 mm/s, 1 m, RF  FF

7: 60 mm/s, 2 m, FF  RF

8: 60 mm/s, 2 m, RF  FF

(a)

0 0.05 0.1 0.15 0.2

1: 30 mm/s, 1 m, FF  RF

2: 30 mm/s, 1 m, RF  FF

3: 30 mm/s, 2 m, FF  RF

4: 30 mm/s, 2 m, RF  FF

5: 60 mm/s, 1 m, FF  RF

6: 60 mm/s, 1 m, RF  FF

7: 60 mm/s, 2 m, FF  RF

8: 60 mm/s, 2 m, RF  FF

(b)

Fig. 4: Thresholds to discriminate two consecutive virtual
edges in EXP-1 (mean values and standard deviations); a)
spatial threshold and b) temporal threshold. Red and gray
bars are for FF → RF and RF → FF , solid and dotted
bars are for fv of 30 and 60 mm/s, blue and green bars are
for Vamp of 1 and 2 µm, respectively.

vibration amplitude, and edge sequence on spatial threshold
distance. For pair-wise comparisons, the significance level
for each comparison was adjusted by Bonferroni correction.

3.4 Results

During the experiment, 8 participants had difficulty in
detecting two consecutive edges under the condition of
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RF → FF . Some of them reported that they could feel
a sharp rise in friction followed by a slower decrease,
which they could not classify it as an edge. On the other
hand, all 20 participants performed well under the condition
of FF → RF and their responses converged to a spa-
tial threshold distance (∆x). For further analysis, we only
considered the results of 12 participants (5 females) who
showed converging response under all rendering condi-
tions. The discrimination thresholds in spatial and temporal
domains (∆x and ∆t) for all rendering conditions are shown
in Fig. 4(a) and Fig. 4(b), respectively. The mean thresholds
against all independent factors are listed in Table 2.
• The results showed that the effect of finger velocity (fv)

on spatial threshold distance was not significant (see Table
3 for ANOVA results).
• The spatial threshold distance was significantly lower

for FF → RF , as compared with RF → FF .
• There was no significant effect of vibration ampli-

tude (Vamp) on spatial threshold distance. However, we
observed an interaction between vibration amplitude and
edge sequence (Eseq). A post-hoc pairwise comparisons
(based on estimated marginal means) showed that vibration
amplitude affected RF → FF (p = 0.05). This is evident
when rendering conditions 2 and 4 are compared in Fig.
4(a).

TABLE 2: Mean thresholds to discriminate two consecutive
virtual edges (EXP-1).

Independent Factors ∆x ± SEM ∆t ± SEM
(mm) (s)

fv 30 mm/s 2.94±0.35 0.10±0.01*
60 mm/s 3.60±0.42 0.06±0.01*

Vamp
1 µm 3.11±0.33 0.07±0.01
2 µm 3.40±0.42 0.08±0.01

Eseq
FF → RF 2.14±0.26* 0.05±0.01*
RF → FF 4.45±0.57* 0.11±0.01*

*Statistically significant

TABLE 3: ANOVA results for the effect of independent
factors on spatial threshold, ∆x (EXP-1).

Effects F-value p-value
fv F(1,11)=3.00 0.11

Vamp F(1,11)=0.84 0.38
Eseq F(1,11)=25.9 <0.001*

fv×Vamp F(1,11)=0.39 0.54
fv×Eseq F(1,11)=0.05 0.82

Vamp×Eseq F(1,11)=12.7 0.004*
*Statistically significant

3.5 Discussion
In EXP-1, we measured the spatial threshold distance (∆x)
between two consecutive edges under FF → RF as 2 mm.
Interestingly, this value is approximately equal to the two-
point discrimination resolution of human index finger [51].
Tactile perception of virtual edges rendered by ultrasonic
actuation was also investigated by Gueorguiev et al. [52]
in temporal domain. However, they did not control finger
velocity, while vibration amplitude was actively maintained
at 1.25 µm. They reported a temporal threshold duration
of 0.05 s. Hence, our results supported their observation,
as we also found temporal threshold duration (∆t) of 0.05

s under FF → RF . In case of RF → FF , the threshold
value was higher, indicating that it was more difficult for the
participants to discriminate two edges under this condition.
As shown in Fig. 10 (see the shaded window), FF → RF
produced a sharper change in friction response as compared
with RF → FF . This was due to the slower dynamics of
rising friction (RF ) than that of falling friction (FF ), which
is in line with earlier findings [50], [53]. Hence, it is not
surprising that participants detected two consecutive edges
more easily under FF → RF .

4 EXP-2: DISCRIMINATION OF VIRTUAL PERIODIC
GRATINGS

The goal of the second experiment was to estimate the
difference threshold between spatial periods of two periodic
gratings.

4.1 Participants
Eleven participants (4 females) with an average age of 30.2±
2.9 years participated in the experiment. The experimental
and ethical protocols followed in this experiment were the
same as in EXP-1.

4.2 Experimental Design
We considered three independent factors; rendering length
(Rlength = 20, 30, and 40 mm), finger velocity (fv = 30 and
60 mm/s), and waveform (Wfrm = W 1

frm and W 2
frm). The

vibration amplitude (Vamp) was fixed to 1 µm. Therefore,
there were a total of 12 rendering conditions. In waveform
W 1

frm, we fixed low friction width (LFW ) and varied high
friction width (HFW ), while in waveform W 2

frm, we fixed
high friction width and varied low friction width (Fig. 5(a)).
The fixed width in both waveforms was 1 mm, which
was below the spatial threshold distance estimated in EXP-
1. This ensured that two edges across fixed width were
perceived as a single pulse by the participants. Therefore, in
waveform W 1

frm, we rendered a multiple sequence of con-
secutive edges FF → RF (i.e. a series of pulses resulting
in high friction between fingerpad and the touch surface
on average). In waveform W 2

frm, we rendered a multiple
sequence of RF → FF (i.e. a series of pulses resulting in
low friction between fingerpad and the touch surface on
average), as depicted in Fig. 5(a).

4.3 Procedure
We rendered gratings with higher and lower number of
friction pulses on the alternative directions (rightward and
leftward) of finger scan. At the start of the experiment, we
rendered one vs. two pulses on the alternative directions
but then monotonically increased/decreased the number
of pulses by two in each direction based on participants’
response while keeping the difference as one always. The
direction in which we rendered a higher number of pulses
was randomized during each trial. Participants had to iden-
tify the direction (rightward or leftward) in which they
felt more number of friction pulses. We used three up and
one down transformed staircase method as elaborated in
[54], which converges on the 75% correct level. Hence, if
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Fig. 5: Experimental procedure for evaluating the difference
threshold between spatial periods of two virtual gratings
in EXP-2. (a) Types of desired waveforms (Wfrm), (b) an
example for experimental trial.

participants gave three correct answers, we increased the
number of pulses in alternative directions to three vs. four,
five vs. six, seven vs. eight, and so on. In case of a wrong
answer, we decreased the number of pulses by two in each
direction. The step size was reduced to one pulse after
the first reversal. The experiment was stopped after seven
reversals. Similar to EXP-1, participants were allowed to
repeat any trial only once, and we permuted the order of
rendering conditions by which participants performed the
experiment. Each participant completed the experiment in
three days (four rendering conditions per day).

We estimated the convergent value for lower and higher
number of pulses by averaging the last five reversals as
shown in Fig. 5(b), and then rounded it to the nearest
integer. Then, we calculated the spatial periods SPhigh

and SP low corresponding to the lower and higher num-
ber of pulses, respectively. To interpret the results, we
calculated the absolute difference between spatial periods
(∆SP= SPhigh − SP low), mean spatial period (SP=
(SPhigh + SP low)/2), and the relative difference between
spatial periods (Rdiff=∆SP/SP×100) at the threshold
level. We performed three-way repeated measure ANOVA
to analyze the effects of independent factors of rendering
length (Rlength), finger velocity (fv) and, waveform (Wfrm)
on relative difference (Rdiff ). During the statistical analy-
sis, we adjusted the degree of freedom using Greenhouse-
Geisser correction whenever the sphericity assumption was
violated.

4.4 Results

The mean thresholds for all independent factors are tabu-
lated in Table 4. The results showed that:

Fig. 6: Relative difference between spatial periods to dis-
criminate virtual periodic gratings in EXP-2. Red and gray
bars are for W 1

frm and W 2
frm, solid and dotted bars are

for fv of 30 and 60 mm/s, respectively. Cross, plain and
vertical hatched bars are for Rlength of 20, 30 and 40 mm,
respectively.

TABLE 4: Mean thresholds to discriminate virtual periodic
gratings (EXP-2).

Independent Factors ∆SP ± SEM SP ± SEM Rdiff ± SEM
(mm) (mm) (%)

Rlength

20 mm 0.44±0.05* 2.9±0.16* 14.2±0.8
30 mm 0.73±0.10* 4.4±0.32* 14.7±1.1
40 mm 0.84±0.09* 5.6±0.32* 14.0±0.8

fv
30 mm/s 0.58±0.07* 4.0±0.26* 13.3±0.8*
60 mm/s 0.76±0.08* 4.6±0.26* 15.3±0.9*

Wfrm
1 0.64±0.07 4.2±0.23 14.0±0.7
2 0.71±0.09 4.4±0.28 14.7±0.9

*Statistically significant

• Increasing the rendering length, Rlength, also increased
the absolute difference between spatial periods, ∆SP ,
(F (2, 20) = 12.5, p < 0.001) and mean spatial period, SP ,
(F (2, 20) = 52.9, p < 0.001) required to differentiate two
virtual gratings. However, the relative difference between
spatial periods, Rdiff , remained the same with no signifi-
cant effect of rendering length (F (2, 20) = 0.37, p = 0.69),
as shown in Fig. 6.
• The relative difference (Rdiff ) slightly increased with

increasing finger velocity (fv).
•ANOVA test revealed no significant effect of waveform

on relative difference (Rdiff ), and no significant interaction
between the independent factors.

4.5 Discussion

The results of EXP-2 showed that a relative difference
(Rdiff ) of 14% in spatial period was necessary to differen-
tiate virtual periodic gratings. Biet et al. [7] have reported a
Weber fraction of 9% for the discrimination of two periodic
square gratings rendered by ultrasonic actuation. Several
factors might have contributed to the difference; we used
a staircase method, and the two gratings being compared
in our study were always differed by one spatial period
only, which makes it more difficult to differentiate them.
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Fig. 7: Maximum temporal frequencies (mean and standard
deviation) obtained by counting the pulses. Black error bars
show the mean temporal frequencies obtained in EXP-2.

On the other hand, spatial period was altered explicitly
using the method of constant stimuli in [7]. Furthermore,
we controlled the finger velocity (fv), and the participants
were allowed to explore a stimulus only twice. However,
finger velocity was not controlled, and there was no limit
on exploration time in [7]. Nevertheless, the spatial discrim-
ination thresholds of virtual square gratings tested in our
study and [7] are both higher than the real ones [36].

We also observed that the relative difference in spatial
period (Rdiff ) increased as finger velocity was increased.
This could be due to the viscoelastic properties of fin-
gerpad as suggested in [50]; at higher finger velocity, the
deformation in fingerpad could not follow the consecutive
changes in friction. However, the increase in Rdiff due
to the increase in finger velocity was small and this topic
requires further investigation.

One may argue that the participants might have con-
fused spatial discrimination with counting of the pulses
in EXP-2. To elucidate, we conducted a separate counting
experiment under the rendering conditions of 5, 6, 7, and
8. We rendered two to eight pulses over the same render-
ing length of 30 mm (corresponding to the spatial period
varying from 15 to 3.75 mm) in random order with 10
repetitions, and asked the participants to explicitly count
the number of bumps. We then fitted a psychometric curve
to the correct responses and calculated the threshold at 75%
accuracy level. As shown in Fig. 7, the maximum tempo-
ral frequencies obtained in the counting experiment were
always lower than the mean temporal frequencies (fv/SP )
obtained in EXP-2 (discrimination experiment). Therefore, it
is implausible that the participants have discriminated the
gratings by explicitly counting the pulses in EXP-2.

We observed that the effect of waveform (Wfrm) was not
significant in the discrimination of virtual gratings. Based
on the results of our earlier study which showed that RF
was perceived stronger than FF [50], we had expected
that rendering a series of pulses RF → FF (waveform
W 2

frm) would produce stronger tactile cues, as compared
to vice versa (waveform W 1

frm). However, the difference
in perception between a single step change in friction (RF
vs. FF ) in [50], and multiple consecutive changes in the

current study is justifiable. In [50], a single step change in
friction was rendered on the glass surface in the middle
of the exploration area. Hence, travel distance for finger
after the change was sufficiently long. As a result, contact
forces between finger and glass surface reached a steady-
state value under both RF and FF . On the other hand, the
step changes in friction in the current study were closely
rendered. Therefore, contact forces between finger and glass
surface could not reach a steady-state value. This resulted
in weaker contrast in friction under waveform W 2

frm as
compared with waveform W 1

frm.

5 EXP-3: ROUGHNESS PERCEPTION OF VIRTUAL
GRATINGS

We investigated the roughness perception of virtual gratings
in spatial and temporal domains.

5.1 Participants
Eleven participants (3 females) with an average age of 29.7±
3.9 years participated in this experiment. The experimental
and ethical protocols followed in this experiment were the
same as in EXP-1.

5.2 Experimental Design
To investigate the roughness perception, we selected three
independent factors: spatial period (SP ), finger velocity (fv
= 30 and 60 mm/s), and waveform (Wfrm = W 1

frm and
W 2

frm). We have chosen seven different spatial periods in
macro-texture range, varying from 2.5 to 7.4 mm with an
increment of 20% as shown in Fig. 8. The increment (20%)
was selected as higher than the relative threshold value
estimated in EXP-2. We fixed the rendering length (Rlength)
to 30 mm, and the vibration amplitude (Vamp) to 1 µm in
this experiment. Hence, there were 28 rendering conditions,
repeated 10 times, making a total of 280 trials for each
participant.

5.3 Procedure
We rendered each stimulus on the rightward scan first.
Then, participants lifted their finger up and the same stim-
ulus was repeated on the leftward scan. We monitored the
mean normal force (Fn) in both scans. If the magnitude of
mean normal force was outside the desired range (0.25 ±
15% N), the participants were prompted to repeat the trial.
We have chosen a mean normal force of 0.25 N because
this was the most comfortable force reported by a number
of participants during the preliminary experiments. On the
completion of each trial, participants were asked to rate the
roughness they perceived using any positive value with no
constraints on its limit (a higher number for rougher sur-
face). They were allowed to repeat each stimulus twice only.
The trials were randomized, while the same randomization
pattern was used for each participant. The experiment took
approximately 45 minutes, and participants completed it in
two sessions.

For the analysis, we first normalized the roughness
estimates of each participant. For that, we divided the
scores of each participant by his/her geometric mean, and



IEEE TRANSACTIONS ON HAPTICS 8

2 3 4 5 6 7 8
0

5

10

15

20

25

30 mm/s
60 mm/s

Fig. 8: Spatial period (SP ) and temporal frequency
(ω=SP/fv) of virtual gratings rendered in roughness per-
ception experiment (EXP-3).

TABLE 5: ANOVA results for the effect of independent
factors on roughness perception (EXP-3).

Effects F-value p-value
SP F(1.1,11.3)=23.1 <0.001*
fv F(1,10)=6.90 0.025*

Wfrm F(1,10)=8.90 0.014*
fv×Wfrm F(1,10)=2.4 0.06
SP×fv F(6,60)=6.80 0.01*

SP×Wfrm F(6,60)=5.80 0.01*
*Statistically significant

then multiplied it with the overall geometric mean of all
participants. We performed three-way repeated measure
ANOVA to analyze the effects of finger velocity, waveform,
and spatial period on normalized roughness scores. We
adjusted the degree of freedom using Greenhouse-Geisser
correction whenever necessary. For pair-wise comparisons,
the significance level was adjusted by Bonferroni correction.

We also analyzed the force data recorded during the
experiment to calculate some metrics based on friction coef-
ficient. To calculate friction coefficient (µ = Ft/Fn), we took
a window of duration ttotal = Rlength/fv , starting from
the moment we rendered the first edge. The mean value of
friction coefficient (µ) was calculated by averaging µ for the
interval of ttotal. To analyze the rate of change in friction
coefficient (dµ/dt), we computed RMS value of dµ/dt for
each spatial period, and then calculated the overall average
for all spatial periods (dµ/dt). Finally, we used Spearman
correlation to investigate the relation between roughness
perception and friction metrics.

5.4 Results
The mean roughness scores of participants in spatial and
temporal domains are reported in Fig. 9(a) and Fig. 9(b),
respectively. We performed linear regression by taking spa-
tial period (SP ) and finger velocity (fv) as independent fac-

TABLE 6: Results of linear regression (EXP-3).

Model Unstandardized
Coefficients

Standardized
Coefficients (β) p-value

const. 7.84 – <0.001
SP -0.70 -0.86 <0.001
fv 0.025 0.28 0.004

tors, and roughness scores as dependent factor. The results
showed that:
• Perceived roughness can be modeled by a linear

function of spatial period and finger velocity (R2 =
0.81, F (2, 27) = 53.2, p < 0.001). The results of multi-
ple linear regression (see Table 6) showed that perceived
roughness decreased with spatial period, and increased with
finger velocity (see Table 5 for ANOVA results).
• The participants perceived waveform W 1

frm signifi-
cantly rougher than waveform W 2

frm.
• There was a significant interaction effect between

spatial period and finger velocity, and spatial period and
waveform on perceived roughness. Post-hoc pairwise com-
parisons (based on estimated marginal means) showed that
effect of waveform was significant for spatial periods SP ≥
3 mm (p = 0.04), and effect of finger velocity was significant
for spatial periods SP ≥ 4.6 mm (p = 0.001).
• The modulated friction profile for waveform W 1

frm

resembled to the desired square signal more than that of
W 2

frm (Fig. 10).

5.5 Discussion

The results of EXP-3 showed that perceived roughness
decreased with increasing spatial period (SP ), and the de-
crease was sharper for waveform W 2

frm. A similar decrease
in roughness perception with increasing spatial period has
been reported for virtual gratings rendered by electrovi-
bration [12], and also for a force feedback device that can
display tangential forces only [47]. On the other hand,
roughness perception of real periodic textures increases
with increasing groove width, but decreases slightly with
ridge width [34]–[40], [55], though a decrease in roughness
perception with increasing spatial period was observed for
real linear gratings when the ridge height was low [41].
Therefore, the difference in perception between the real
textures in the earlier studies and the virtual textures in
studies [12], [47] and also our study is not surprising due to
the missing spatial cues on texture height in virtual textures
rendered by friction modulation.

Correlation analysis showed a moderate positive corre-
lation (rs = 0.58, n = 308, p < 0.001) between perceived
roughness and rate of change in friction coefficient (dµ/dt),
as also reported earlier by others for real [56] and virtual
periodic gratings [12]. On the other hand, a significant
correlation between friction coefficient and roughness per-
ception was reported in [47], though we observed a weak
correlation in our study (rs = 0.30, n = 308, p < 0.001). As
shown in Fig. 11, waveform W 1

frm resulted in higher fric-
tion coefficient and rate of change in friction coefficient on
average as compared with waveform W 2

frm. This explains
why waveform W 1

frm was perceived rougher than W 2
frm

(Fig. 9). Similarly, higher finger velocity produced stronger
rate of change in friction coefficient, which resulted in an
increase in perceived roughness.

The results of our experiment also showed that, despite
doubling of finger velocity (fv), the maximum perceived
roughness remained almost the same (see roughness scores
for spatial period of 2.5 mm rendered at temporal frequency
of ω = 12 and 24 Hz in Fig. 9(b)). Therefore, the results
rejected our initial hypothesis that the perception of virtual



IEEE TRANSACTIONS ON HAPTICS 9

2.5 3 3.6 4.3 5.2 6.2 7.4
2

3

4

5

6

7

8

9

(a)

4 8 12 16 20 24
2

3

4

5

6

7

8

9

(b)

Fig. 9: Perceived roughness (mean values and standard errors) of virtual gratings in spatial (a) and temporal (b) domains
(EXP-3).
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Fig. 10: Vibration amplitude and friction coefficient recorded at 30 mm/s for a) W 1
frm and b) W 2

frm.
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Fig. 11: Friction metrics (mean values and standard errors).

periodic textures is more dominantly governed by temporal
cues since spatial cues in normal direction cannot be ren-
dered directly by friction modulation.

6 GENERAL DISCUSSION

We investigated the roughness perception of virtual gratings
displayed on a touch surface by periodically changing the
friction between the human finger and the surface using
ultrasonic actuation. Each experiment in our study feeds
into the next one and at the end, the main parameters
affecting the roughness perception of virtual gratings were
determined. In EXP-1, we first investigated the discrim-

ination of two consecutive virtual edges, constructed by
RF followed by FF and FF followed by RF , to gain
insight on how our perception was affected by the order
of friction changes. In EXP-2, we concentrated on discrim-
ination of virtual periodic gratings, constructed by a series
of consecutive high and low friction regions. We fixed the
vibration amplitude and varied the rendering length, finger
velocity, and waveform. The aim was to investigate how
those parameters affected the thresholds in discriminating
virtual periodic gratings. To that end, we mainly focused
on the relative difference between spatial periods. Finally, in
EXP-3, we investigated the roughness perception of virtual
gratings in spatial and temporal domains. In particular, we
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investigated the effects of spatial period, finger velocity,
and waveform on roughness perception. The spatial periods
used in EXP-3 were selected based on the findings of EXP-2.
The results showed that roughness perception of periodic
gratings was better defined in spatial domain despite the
missing spatial cues on grating height. Therefore, our results
support the earlier finding that rendering of virtual textures
at macro scale via friction modulation based on finger
position is a better choice than finger velocity [11].

In fact, effect of spatial cues on roughness perception
of virtual square gratings raises several questions regarding
the underlying neural mechanism. The maximum value of
temporal frequency in our experiments was significantly
lower than the sensitivity range of PC afferents (80 Hz and
above, [57]). Yet, Vardar et al. [13] showed that PC afferents
play an important role in the detection of square gratings
rendered by electrovibration at low frequencies (< 60 Hz)
since a low-frequency square wave has also high frequency
components stimulating the PC afferents. However, if the
decrease in roughness perception was primarily mediated
by PC afferents, then one should expect a dominant effect
of temporal frequency, as observed in [39], which was not
the case in our experiment. Similarly, it is less likely that
SA1 afferents have played a significant role in the tactile
perception of virtual gratings in our experiment due to
missing spatial cues on grating height. On the other hand,
it has been shown that all afferent classes are excited by a
tactile stimuli in typical contact interactions of fingertip [58],
[59], and it is known that humans are good at integrating
the information coming from different afferent classes to
create a meaningful percept. For example, Moscatelli et al.
[60] have shown that humans can estimate the length of
spatial paths from the tactile slips. Similarly, it is quite
possible that our participants were able to resolve successive
micro-slips to spatial periods by integrating their finger
velocity. They might have used this information to construct
their roughness judgment. However, further investigation is
indeed required to better understand the underlying neural
mechanism.

On the other hand, we should point out that effect of
spatial cues on roughness perception is likely to be valid
within our tested range of spatial periods only. A trend of
flattening or decrease in roughness perception at smaller
spatial periods (i.e higher temporal frequencies) is reported
for virtual textures in [12], [48]. Similarly, Ahmaniemi et al.
[61] investigated the perception of virtual textures displayed
by a hand held vibrotactile actuator. They reported that the
textures created with a carrier frequency of 10 Hz were per-
ceived rougher than those of 20 Hz. Therefore, an inverted
U-shaped trend is likely to be observed when micro textures
are investigated, which is the topic of our future studies (Fig.
12).

7 CONCLUSION AND FUTURE WORK

In this study, we investigated the spatial discrimination of
virtual edges and roughness perception of virtual square
gratings generated by consecutive virtual edges, all in
macro-scale. We observed that virtual edges were detected
by the participants if the distance between them (spatial
threshold) was more than 2 mm, provided that the first
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Fig. 12: A hypothetical curve explaining the roughness
perception of virtual textures.

edge was rendered by a fall in friction and second one by
a rise in friction. In the case of opposite edge sequence, the
mean distance between the edges was above 4 mm. We also
found that a relative difference of 14% in spatial period
is necessary in perceived roughness for the discrimination
of virtual gratings. Finally, we investigated the roughness
perception of virtual gratings for different spatial periods.
The results showed that the roughness perception of square
gratings followed a decreasing trend with increasing spatial
period, and rate of change in friction coefficient was more
strongly correlated with roughness perception than friction
coefficient itself. The results also suggested that spatial
period played a significant role in roughness perception of
virtual gratings rendered by ultrasonic actuation despite the
missing spatial cues in the direction normal to the touch
surface.

Our results are valid for macro-textures having a spatial
period greater than 2 mm. The open-loop nature of our sys-
tem prevented us from studying finer textures. Future work
involves investigating the roughness perception of virtual
textures over a wider range (see Fig. 12). Furthermore, pos-
sible effect of vibrotactile masking on tactile discrimination
and roughness perception is another avenue that we would
like to explore. We hope that this will shed further light
on the mechanisms behind our perception of friction and
change in friction rendered on touch surfaces.
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