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Abstract—In surface tactile displays, consistency between vi-
sual and tactile feedback is generally regarded as critical.
However, subtle inconsistencies between these modalities often
go unnoticed by users. This study examines the tolerance for
visuo-tactile gaps in texture perception, specifically focusing on
grating scales, using a surface friction display. To encompass a
wide range of textural stimuli, we employed both periodic and
random gratings. Participants adjusted the tactile grating scales
(average wavelength) to match visual grating scales, enabling
the identification of 84% discrimination limens for two reference
mean wavelengths: 1.0 mm and 2.0 mm.

The minimally allowable inconsistencies, defined as the 84%
discrimination limens, were measured as 0.315 mm and 0.422 mm
for periodic gratings and 0.256 mm and 0.327 mm for random
gratings at the 1.0 mm and 2.0 mm wavelength levels, respectively.
Results showed that random gratings exhibited significantly
narrower tolerance ranges compared to periodic gratings. These
findings are valuable for the design of haptic content, as they
inform the hardware performance specifications, particularly the
precision required in sensing finger movements on touch panels.

Index Terms—electrostatic texture display, surface display,
discrimination, gratings

I. INTRODUCTION

Touch panels are among the most popular human-computer
interfaces. Hence, surface tactile displays, a haptic feedback
technique for touch panels, have been extensively studied
by researchers (e.g., [1]–[4]). Implementing tactile feedback
functions on touch panels enables a variety of applications,
including drawing and designing, simulated mechanical but-
tons, and slider- or knob-like interfaces [5]–[12]. Additionally,
such feedback enhances the entertainment value [13], [14] and
usability [10]–[12], [15] of computer applications.

For the development of effective interfaces, it is crucial that
visual and tactile content spatiotemporally align; however, a
certain degree of inconsistency is permissible in texture ren-
dering [16], [17]. Yamaguchi et al. [16] compared the spatial
wavelengths of grating scales displayed on an LCD screen
with those of physical grating scales made of resin using
a modified up-down method and calculated discrimination
thresholds. This thresholds can be considered as acceptable
difference between visual and tactile stimuli. Meanwhile,
Kurita et al. [17] investigated discrimination thresholds for
wavelengths between visual and tactile grating scales using a
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friction-variable surface texture display and the psychophysi-
cal method of adjustment. Their findings [16], [17] revealed
that the wavelengths of visual and tactile grating scales must
differ by approximately 20% or more before users begin to
perceive inconsistencies [16], [17].

In this study, we also investigated visuo-tactile inconsisten-
cies using grating scales, building on previously established
methods as described above. Our research complements prior
studies in two key aspects. First, while previous studies [16],
[17] focused on grating scales with periodic surface patterns,
we expanded the scope or domain to include those with
random patterns. Random gratings often serve as substitutes
for natural textures because they encompass a broader range
of frequencies compared to periodic textures [18]. Thus,
discrimination thresholds for visuo-tactile inconsistencies may
differ between random and periodic gratings.

Second, Yamaguchi et al. [16] compared grating scales
displayed on an LCD panel with physical grating scales
made of resin. In contrast, our study examined the allowable
visuo-tactile inconsistency in scenarios where both visual and
tactile textures were presented on the same surface using
a friction-variable surface texture display. This approach is
particularly relevant for the practical use of surface texture
displays. Moreover, the grating scales generated by friction-
variable surface texture displays exhibit differences in per-
ceived roughness compared to physical grating scales [19],
potentially due to the lack of skin-penetration effect into inter-
ridge grooves [20], [21]. Thus, it is crucial to investigate visuo-
tactile inconsistencies using textures presented on touch panels
to ensure practical applicability.

This study aims to determine the allowable inconsistency
between visual and tactile texture stimuli for surface tex-
ture displays that deliver electrostatic friction. Identifying the
acceptable level of inconsistency between visual and tactile
stimuli will assist developers in creating cost-effective haptic
content. Bochereau et al. [22] suggested that high-precision
or low-latency measurement of finger motion may not be
necessary for texture displays. This assertion is based on
the relatively low discrimination ability of humans for the
frequency of vibratory tactile stimuli, which is roughly 20%
in Weber fraction across a wide frequency band [23]–[25]. If
this limited discrimination ability is the primary reason why
inconsistencies between visual and tactile grating scales are
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Fig. 1: Electrostatic friction display based on a capacity-type
touch panel. Still images of the grating textures were shown
on a tablet PC beneath the touch panel.

permissible, clarifying their tolerable discrepancy will con-
tribute to the design of more cost-effective haptic interfaces.

II. METHODS

A. Apparatus: Electrostatic Tactile Texture Display

An electrostatic tactile display shown in Fig. 1 was used
in the study. The same apparatus was also used in [26], [27].
Voltages of up to ±20 V were applied to the indium tin oxide
touch panel (3M Touch Systems, Inc., MN), over which the
participant directly slid their finger. The voltage was adjusted
for individuals as described in Section II-B2. To stabilize the
stimuli, participants gripped a grounded metal rod.

The electric charges between the finger and touch panel
produced an adhesive frictional force, leading to the increase
in friction. The intensity of this force is controlled by changing
the level of applied voltage. A force sensor was placed beneath
each corner of the panel and they were used to calculate the
center of the load on the panel, corresponding to the finger
position. A data acquisition device (PEX-361216, Interface
Corp., Japan) was used to to control the output voltage to
the touch panel and calculate the finger position at the control
frequency of 2 kHz. The tablet used in the experiment had a
display size of 8.4 inches and a resolution of 1920 × 1200
pixels.

B. Stimuli

1) Periodic and Random Grating Scales: The grating scale
function g(x), a binary function that takes either 0 (groove)
or 1 (ridge), was defined as follows.

For periodic grating scales, g(x) was determined by:

g(x) =

{
0 (sin 2πx

λ > 0),

1 (sin 2πx
λ ≤ 0),

(1)

where x (≥ 0) represents the mediolateral position of the
finger on the touch panel, and λ (mm) denotes the wavelength

of the gratings. In the experiments, periodic gratings with λ
ranging from 0.5 mm to 5.0 mm were presented.

For random grating scales, g(x) was determined using the
following equations, where λ represents the average wave-
length:

g(x) =

{
0 (x ∈ Gi | i = 1, 2, . . .),

1 (x ∈ Ri | i = 1, 2, . . .),
(2)

Gi = [gi−1, ri], (3)
Ri = (ri, gi), (4)
g0 = 0, (5)
ri = gi−1 + bi, (6)
gi = ri + di, (7)
B ∼ U(0.2, λ− 0.2), (8)
D ∼ U(0.2, λ− 0.2), (9)

where bi and di are the i-th realizations of the uniform random
variables B and D, respectively. Here, bi and di represent the
local groove and ridge lengths, with minimum and maximum
values of 0.2 mm and λ − 0.2 mm, respectively. Their mean
values are λ/2, resulting in an expected wavelength (sum of
the local groove and ridge lengths) equal to λ. The minimum
value of 0.2 mm was determined based on the control fre-
quency of the tactile texture display.

2) Tactile Stimuli: The tactile textures were presented using
the electrostatic display, where the applied voltage Ve(t) was
determined as:

Ve(t) = Ag(x(t)) (10)

where A is the voltage value determined for individuals. The
voltage was set to a high value when the grating scale function
g(x) was 1 (ridge) and to zero when g(x) was 0 (groove).
The polarity of Ve(t) was alternated at a frequency of 2 kHz
to ensure effective control of the adhesion force.

The relationship between the shear frictional force Fe(t)
and the applied voltage Ve(t) was governed by the law of
electrostatic force and Coulomb friction, as follows [28]:

Fe(t) = µ{W + kVe
2(t)}, (11)

where µ, W , and k are the coefficient of friction, the load
exerted by the finger, and a constant related to electrostatic
force, respectively. The constant k is primarily influenced
by the dielectric constant and the thickness of the finger’s
superficial skin, as well as the insulating material of the touch
panel.

3) Visual Stimuli: The visual grating scales consisted of
alternating white and black bars, as shown in Fig. 2. They de-
picts periodic and random gratings with (average) wavelengths
of λ = 1.0 mm and 2.0 mm, where the ratio of the white and
black areas were equal.

C. Participants
Fifteen university students in their 20s participated in the

study after providing written informed consent. All partici-
pants were unaware of the study’s objectives. Thirteen partici-
pants completed the experiment with the periodic stimuli, and

535



(a) (b)

(c) (d)

Fig. 2: Examples of grating scales with wavelengths of 1.0 mm
(a), 2.0 mm (b), random grating scales with average wave-
lengths of 1.0 mm (c) and 2.0 mm (d).

eleven participated in the experiment with the random stimuli.
The two types of stimuli were tested on different days, and
some participants failed to join the two experiments because
of the difficulties in personal scheduling.

D. Ethical Statement

The protocol for this study was approved by the Institu-
tional Review Board of Hino Campus, Tokyo Metropolitan
University (approval number: R6-009).

E. Procedures

Participants wiped their hands with ethanol-soaked tissues
to keep the surfaces of their fingers reasonably dry. They used
their dominant hand. In the training session, each participant
adjusted the intensity of the electrostatic stimuli such that they
could clearly feel the tactile gratings. During this session, they
were presented with both visual and tactile gratings whose
surface wavelengths matched. The λ values of 1.0 mm and
2.0 mm were used for this task.

In the main session, we employed the psychophysical
method of adjustment due to its relatively low experimental
cost. The participant slid their finger on the panel and com-
pared the wavelengths of the visual and tactile grating scales.
The wavelength of the tactile scale was variable, starting with a
random value ranging from 0.5 mm to 2.5 mm at the beginning
of each trial. The participant adjusted the wavelength of the
tactile scale by 0.1 mm increments or decrements by using a
keyboard until the tactile scale felt equal to the visual scale.
Participants were allowed to change the wavelength by more
than 0.1 mm at a time. Each participant repeated this trial 10
times for each of the two visual wavelength levels, with no
time limit and no limit on the number of adjustments. For
those experimenting with the two types of grating scales, the
testing order was randomized.

A previous study reported a pooled standard deviation of
0.33 mm for a wavelength of 1.0 mm [17]. Based on this, the

number of trials was set to 10 to keep the standard error close
to the display’s minimum adjustable step of 0.1 mm.

Some participants completed experiments with both periodic
and random stimuli on the same day, while others did so on
separate days; the experimental order was counterbalanced.
Each session took approximately 40 min to complete.

F. Data Analysis

Some participants were unable to adjust the tactile wave-
length to match the visual stimulus, potentially because they
did not perceive the frictional stimuli presented by the display.
This issue could arise due to changes in the condition of their
finger pads, such as sweating during the experiment. These
participants were excluded based on the following criteria.

For each participant, the mean ±2.26 times the standard
deviation of their responses was calculated, where 2.26 is the
t-value corresponding to a cumulative distribution function
value of 0.975 with 9 degrees of freedom. Only participants
whose visual stimulus wavelengths (i.e., 1.0 mm or 2.0 mm)
fell within this range were included in the statistical analysis.

The Shapiro-Wilk test was applied to assess the normality
of participants’ responses. Previous studies [29], [30] have
not clearly established whether detection thresholds should be
calculated individually or by pooling data across participants.
In our study, we aimed to verify normality at the individual
level, as the thresholds were computed separately for each
participant and then averaged. However, due to the limited
sample size of 10 trials per participant—which is generally
insufficient for robust hypothesis testing—we instead assessed
normality using pooled responses across participants.

Therefore, we assessed normality using pooled responses
from all participants for each condition, defined as the com-
bination of the grating scale type and the average λ value.
To facilitate pooling, each participant’s response values were
adjusted to have a mean of zero. Further, samples outside the
mean ± 2 standard deviation were excluded as outliers.

The p-values exceeded 0.05 in all conditions, and thus, the
null hypothesis of normality was not rejected. Accordingly,
the obtained samples were treated as following a normal
distribution.

The 84% discrimination threshold was calculated from the
data obtained using the method of adjustment. In this study,
the 84% threshold was defined as the difference between
the test and reference stimuli at which participants judged
the test stimulus to be greater than the reference in 84%
of trials. Assuming normality in participants’ responses, the
16% and 84% thresholds are symmetric about the mean
or the point of subjective equality. These thresholds were
calculated using the standard deviation of the adjusted stimulus
values. This method offers a simplified approach to estimating
discrimination thresholds [29], [30], although the method of
constant stimuli more closely conforms to the probabilistic
definition of a threshold.

Given the limited number of samples per participant, two
calculation methods were used.
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Fig. 3: Mean values and 95% confidence intervals of all partic-
ipants’ responses to the periodic stimuli. The blue and orange
bars represent the means for visual stimulus wavelengths of
λ = 1.0 mm and λ = 2.0 mm, respectively.

Fig. 4: Means and 95% confidence intervals of all participants’
responses to the random stimuli.

The first method was based on the pooled standard devia-
tion for each condition. In this approach, the discrimination
threshold is not the average of those calculated for individual
participants; instead, a single value derived from all partici-
pants’ pooled data is discussed.

The second method involved calculating the thresholds for
individual participants, followed by analyzing their mean.
While we speculate that this approach is preferable if the
normality of the sample distribution is confirmed for each
individual, this assumption did not hold in our study.

III. RESULTS

Fig. 3 shows the mean values and confidence intervals of
individual responses across 10 trials for the periodic grating
scales. For the 1.0 mm periodic visual stimulus, 12 out of
13 participants met the inclusion criterion, with participant C
excluded. For the 2.0 mm periodic visual stimulus, 10 out of
13 participants met the criterion, with participants D, I, and K
excluded.

Fig. 4 shows the mean values and confidence intervals of
participants’ responses for the random grating scales. For the
1.0 mm random visual stimulus, 10 out of 11 participants met
the inclusion criterion, with participant E excluded. Similarly,

TABLE I: 84% discrimination thresholds calculated as the
pooled standard deviations and 95% confidence interval.

Scale Wavelength 84% discrimination 95% confidence
type λ (mm) thresholds (mm) interval (mm)

Periodic 1.0 0.315 0.278–0.364
Periodic 2.0 0.412 0.340–0.445
Random 1.0 0.256 0.224–0.300
Random 2.0 0.327 0.286–0.383

TABLE II: F -tests of variances to compare the periodic and
random grating scales.

Wavelength Periodic Random p value F statistics
(mm) (mm) (mm)
1.0 0.315 0.256 0.020 1.52
2.0 0.412 0.327 0.008 1.67

TABLE III: Means and standard deviations of the 84% thresh-
olds among individual participants. The 84% thresholds were
separately calculated for individuals.

Scale Wavelength Mean discrimination 95% confidence
type λ (mm) threshold (mm) interval (mm)

Periodic 1.0 0.295 0.262–0.328
Periodic 2.0 0.345 0.289–0.401
Random 1.0 0.225 0.185–0.265
Random 2.0 0.288 0.236–0.340

for the 2.0 mm random visual stimulus, 10 participants met
the criterion, with participant D excluded.

Table I shows the 84% discrimination thresholds calculated
as the pooled standard deviations and 95% confidence intervals
for 1.0 mm and 2.0 mm for each type of grating scale. For
periodic scales, the 84% discrimination threshold for wave-
lengths 1.0 mm was 0.315 mm, and the confidence interval was
0.278–0.364 mm. The threshold for wavelengths 2.0 mm was
0.412 mm, and the confidence interval was 0.340–0.445 mm.
For random scales, the threshold for the average wavelength
of 1.0 mm was 0.256 mm, and the confidence interval was
0.224–0.300 mm. The threshold for the average wavelength
of 2.0 mm was 0.327 mm, and the confidence interval was
0.286–0.383 mm.

Table II shows the results of statistic comparison between
the periodic and random grating scales. F -tests on the pooled
variances indicated that the thresholds for the periodic gratings
were greater than those for the random gratings for the refer-
ence wavelength of 1.0 mm (F (108, 90) = 1.52, p = 0.020)
and 2.0 mm (F (90, 90) = 1.67, p = 0.008). Further, the
thresholds for 2.0 mm were greater than those for 1.0 mm
for the periodic scale (F (90, 108) = 1.79, p = 0.002) and
random scale (F (90, 90) = 1.63, p = 0.010).

Table III shows the means and standard deviations calcu-
lated from the discrimination thresholds for the individual
participants. These values tend to be smaller than those based
on the pooled standard deviations shown in Table I.

IV. DISCUSSIONS

Tolerances for periodic gratings were 0.315 mm and
0.412 mm for λ = 1 mm and 2 mm, and 0.256 mm and
0.327 mm for the random gratings, respectively. The values
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for the periodic stimuli were greater than those for the random
stimuli. Although we expected that the values for the random
stimuli would be larger (more acceptable) than those for the
periodic stimuli because of the ambiguity of peak vibratory
frequency determined by the ratio of the sliding speed and
average surface wavelength. However, the results contradicted
this expectation.

A potential reason for the participants’ higher sensitivity to
visuo-tactile inconsistencies in random textures may be related
to the high-order statistics inherent in random textures [31],
[32]. While surface wavelength was the primary parameter
manipulated in this study to define the features of periodic
gratings, high-order information—such as variations in local
wavelength and phase spectra—could have served as cues for
detecting visuo-tactile inconsistencies of random gratings. In
other words, although the parameter we controlled was the
mean wavelength, other higher-order features varied simulta-
neously, which participants might have detected. For example,
the variance of the λ value is 0 for periodic scales, whereas
it is a function of λ2 for random scales. In the latter case, the
mean and variance of λ vary together, providing more cues
about λ. It remains unclear whether humans actively utilize
high-order information in the discrimination of random tactile
textures [31], [33], but this possibility should be explored in
future research.

Also, for both types of grating scales, the discrimination
thresholds were greater for 2 mm than those for 1 mm.
Considering the constancy of Weber’s fraction, these results
are understandable and in agreement with earlier studies [16],
[17]. Nonetheless, the Weber’s fractions were not constant in
our study. For the grating scale of 1 mm, the Weber’s fractions
were 31.5% and 25.6% for the periodic and random scales,
respectively. For the grating scale of 2 mm, these values were
20.6% and 16.3%, respectively. The fractions were smaller
for larger wavelengths. A similar trend was also comfirmed
by Yamaguchi et al. [16]. They reported the Weber’s fraction
of approximately 55% and 35%, for the wavelengths of 1 mm
and 2 mm, respectively. It is noted that these values are cal-
culated using 75% discrimination thresholds. This inequality
of Weber’s fraction can result from the perceptual nature of
simulated tactile gratings. Otake et al. [34] reported that the
fraction for the grating with smaller wavelength was greater
than that with greater wavelength when they were presented
by using a surface texture display.

A previous study has reported that roughness discrimi-
nation sensitivity improves for surface wavelengths larger
than 2.0 mm [35]. In their study, participants made direct
contact with roughness samples using the bare fingers, and the
researchers suggested that the spatial distribution of SAI unit
activity contributed to the enhanced sensitivity. The relatively
small Weber’s fraction observed for the 2.0 mm wavelength
in our study may be discussed in relation to these findings.
However, it should be noted that the surface of the texture
display used in our study was flat, and thus the spatial
activation patterns of SAI units expected with real roughness
samples are unlikely to occur.

The discrimination threshold for tactile perception of grat-
ing scales may not strictly follow Weber’s law, as similar
deviations have been reported in previous studies [16], [34].
One proposed direction for future research is to investigate
discrimination thresholds over a broader range of wavelengths,
including 3.0 mm, to reexamine the behavior of Weber’s
fraction. This would help clarify whether the small Weber’s
fraction observed at 2.0 mm is a specific phenomenon or part
of a monotonic decrease with increasing wavelength.

It is intriguing to compare the results of this study with those
reported by Yamaguchi et al. [16]. The 75% discrimination
thresholds reported by Yamaguchi et al. were 14%–48% larger
than those calculated in this study. If this difference is inherent,
it could be attributed to the following factors: 1) differences in
tactile stimuli, 2) differences in psychophysical methods, and
3) differences in visual information.

First, regarding differences in tactile stimuli, Yamaguchi
et al. used physical grating scales made of resin, whereas
we employed a tactile display. Discrimination thresholds for
physical grating scales are likely smaller than those for virtual
gratings, which only replicate some characteristics of real
stimuli. Thus, this factor does not adequately explain the
differences between the two studies.

Second, Yamaguchi et al. used the modified up-down
method [36] to determine the 75% discrimination thresholds,
whereas we employed the method of adjustment. It is known
that different psychophysical measurement methods can yield
different threshold values [37], [38]. In general, the method of
adjustment is considered relatively less accurate compared to
other psychophysical methods [39].

Third, visual information differences must be considered.
In our experiment, participants could see their fingers sliding
over the visual texture, whereas in Yamaguchi et al.’s study,
the evaluator’s hand was hidden beneath the LCD. The size of
one’s own fingers can serve as a cue for judging the dimen-
sions of the visible grating. Thus, it is possible that participants
in our study were able to visually assess the grating scale
dimensions more accurately, making them more sensitive to
visuo-tactile discrepancies. To confirm this hypothesis, future
experiments could replicate our conditions while obscuring the
participants’ hands from view.

One limitation of this study is the uncertainty regarding
whether its findings, derived from grating scales, can be gener-
alized to other types of textures. Future research should extend
this investigation to a broader range of textures. However,
unlike grating scales, general textures cannot be characterized
by a single parameter, presenting a methodological challenge
that needs to be addressed.

V. CONCLUSIONS

In this study, we determined the error tolerances for visual
and tactile grating stimuli presented via electrostatic friction
displays, building on earlier studies [16], [17]. Thus far, no
researchers investigated this for periodic and random grat-
ing scales by using surface texture displays. These results
provide valuable insights for designers of haptic content and
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developers of surface texture displays, enabling them to better
understand the required consistency between visual and tactile
stimuli and to define the necessary specifications for their
applications and displays.

Future research should investigate wavelengths both larger
and smaller than those examined in this study to establish
comprehensive design guidelines for haptic content.
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