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Abstract

laterally vibrating contactor.

When a human rubs a contactor that is vibrating laterally at 3-10 Hz with an amplitude of ~1 mm, the friction is per-
ceived as being greater than that sensed when touching a stationary contactor. This phenomenon could be exploited
for a new vibrotactile approach to friction perception; however, the principles behind it have yet to be explained. In
this study, we hypothesized that the perceived friction increases because of the Stribeck characteristic and stick-slip
phenomenon of friction, whereby the friction varies depending on the relative velocity between a subject’s fingertip
and contactor. The relative velocity instantaneously decreases because of the lateral vibration of the contactor, while
the friction rises during the same period. To test this hypothesis, we simulated the friction forces between a fingertip
and a vibrating contactor. Furthermore, we performed psychophysical experiments using five participants, in which
each explored a vibrating contactor and subjectively compared the perceived friction under several stimulus condi-
tions. The simulated friction forces, the results of the psychophysical experiments, and physical observation suggested
that the transient increases in friction caused by lateral vibration of the contactor influenced friction perception for a
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Background

Friction perception is a major factor affecting our
sensing of material textures. Especially, previous research
intensively studied the roles of frictional vibration in
the textural perception of materials when a finger is slid
over a material surface [1-6]. For example, Fagiani [1]
investigated the spectra of frictional vibrations where a
finer surface roughness and higher sliding velocity led to
higher frequency components in the spectra. Nonomura
et al. [2] suggested that humans may discern different
types of liquids based on the stick-slip phenomenon
when they investigate fluids on flat glass.

On the other hand, in terms of the techniques used
to present tactile friction, researchers have mainly
used a quasi-static skin stretch on a fingertip [7-10]
and electrostatic forces [11, 12]. Furthermore, texture
displays using the squeeze effects caused by ultrasonic
vibrations [13, 14] and surface acoustic waves [15] can
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reduce the perception of friction. However, there are
few known methods for evoking friction perception
by applying vibratory stimuli to a fingertip. A unique
example may be the method proposed by Konyo et al. [16,
17] that delivered the sense of the stick-slip phenomenon
by using high-frequency (250 Hz) vibrotactile stimuli. In
terms of the presentation of virtual materials, vibrotactile
approaches are especially effective for surface roughness
(e.g., [18-22]). Moreover, the vibrotactile stimuli are
used for hardness [23-26] and softness [17, 27-29]
presentation, respectively, in tapping and pushing the
object surface. However, thus far, few researchers have
attempted to deliver the frictional characteristics in
sliding on the surface using the vibrotactile stimuli.
Recently, we have observed that the perception of
friction can be presented by a vibrotactile approach
that is completely different from those previously
proposed [30]. When a fingertip is slid over a flat plate
that is vibrating asymmetrically at several Hz in a
tangential direction, the perception of friction depends
on the direction of the finger movement. When the
finger moves in one direction, the perceived friction and
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the impulse of the friction force are larger than those
observed when the finger is slid in another direction. We
believe that this phenomenon is caused by the occurrence
of sticking between the finger pad and the vibrating
material, depending on the direction of movement of the
finger. Similarly, an increase in the perception of friction
arises between a subject’s fingertip and a symmetrically
vibrating plate [31]. These tangential vibrations induce a
sense of sticking at low frequencies between the fingertip
and material, and barely cause a sense of vibration or any
perceived change in the surface texture when the surface
is smoothly scanned. As a result, the vibrating plate is
felt like a material that frequently causes a fingertip to
be stuck while sliding. Despite these demonstrations, the
perception of friction via a tangentially vibrating plate has
yet to be explained. In this study, with the ultimate goal
of devising a more effective friction display, we devised
a principle based on an investigation of the effects of
the parameters of vibrotactile stimuli on the perception
of friction from the aspects of physical simulation and
the results of psychophysical experiments on perceived
friction in conjunction each of which is limited to
corroborate the hypothesized principle.

Hypothetical principle: friction perception

via lateral vibration

As shown in Fig. 1, a fingertip is assumed to slide at
a constant velocity on a contactor that is vibrating in
a tangential direction. Owing to the friction with the
contactor, the finger pad deforms in the shear direction,
and then friction is perceived. The positions of the
finger pad and contactor are denoted by x,(t) and x.(¢),
respectively. The contactor vibrates sinusoidally:

x:(t) = Asinwt (1)

where A and o are the amplitude and angular
frequency, respectively, of the contactor. Focusing
on the relative velocity between the finger pad and
contactor (x,(£) — %.(t)), we hypothesized the following
two principles by which a greater degree of friction
is perceived by sliding a fingertip over a tangentially
vibrating contactor, rather than over a stationary
contactor.

Finger

| e |

Contactor \_> x,=Asinwt

Fig. 1 Finger sliding over laterally vibrating contactor
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Vibrotactile stimulus causes stick and slip phenomenon

to give rise to greater perception of friction

As shown in Fig. 2, the sign of &,(t) — x.(¢) switches
when the velocity of the vibrating contactor exceeds
the velocity of the finger. At that instant, the fingertip
and contactor stick to each other, and static friction
arises. On the other hand, for a stationary contactor,
Xp(t) > xc(¢) = Ois true, and the kinetic friction becomes
dominant. Because the static friction is larger than the
kinetic friction, the vibrating contactor would produce
the greater perception of friction.

Vibrotactile stimulus produces small relative velocity

to give rise to greater perception of friction

Figure 3 shows the relative velocity and friction when
the velocity of the contactor is constantly smaller than
that of the finger: x.(¢) < %,(¢). In such a case, the rela-
tive velocity does not become zero. As shown in Fig. 3
(right), the friction continuously changes with the rela-
tive velocity, according to the Stribeck curve. When the
relative velocity is minute, the friction coefficient is large
owing to the contact between the microscopically rough
surfaces. The friction coefficient subsides, however, as the
relative velocity increases. In the latter part of this paper,
we describe an experiment to demonstrate the friction
characteristics between a fingertip and the plastic plate
we used in the experiment. As a result, the friction of
the vibrating contactor (solid curve in Fig. 3, bottom) far
exceeds that of the stationary contactor (dotted line in
Fig. 3, bottom).

Apparatus

We used the vibration presentation system shown in
Fig. 4. A finely polished ABS plastic contactor was driven
by a DC motor (RE-40, Maxon Motor, Switzerland), the
rotational speed of which was reduced by 1/2 through
a timing pulley-belt mechanism. The position of the
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Fig. 2 Velocities of finger and vibrating contactor. The contactor
(dotted line) sinusoidally vibrates whereas the finger velocity (solid)
is constant. At those points at which X, — X becomes zero, static
friction arises
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Fig. 3 Velocities of fingertip and vibrating contactor when x, > Xc.
Bottom Friction forces between the finger and contactor. The friction
depicted by the red curve increases as the relative velocity becomes
minute. Right Stribeck characteristic of friction, where s and uy are
the static and kinetic friction coefficients, respectively
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Fig. 4 Lateral vibrotactile display with a three-axis force sensor. Two
encoders (not shown) measured the fingertip position by being

attached to a thread taped to the finger nail

contactor (x.(¢)) was measured by an encoder (Type L,
Maxon Motor, nominal resolution: 7.67E-4 rad) installed
on the DC motor. The contactor was designed to be light
but with a suitably large sliding range (90 mm). A three-
axial force sensor (USL08-H18-1KN-AP, Tech Gihan,
Japan) was located beneath the contactor to record the
tangential and normal components of the interaction
force between the fingertip and the contactor.

The position of the fingertip (x/(f)) was calculated
based on a triangulation method using two encoders
(RE-30E-500-213-1, NIDEC COPAL ELECTRONICS
Corp., Japan, resultant position resolution: 0.010 mm)
which were connected by a string taped to the subject’s
finger nail. Each encoder was installed on a pillar set
left or right side the vibrotactile display such that these
two encoders and fingertip were aligned. The string was
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tensioned by a weight at each side and was wound by
the encoders by way of pulleys. We should note that this
method measured the position of the finger nail, and the
finger pad further deforms in lateral direction.

To achieve a sinusoidal vibration, the motion of the
contactor was feedback-controlled by linear quadratic
control with the integration (LQI) method. This com-
puter-control and sampling of the position and force
were all performed at a frequency of 1 kHz. This appa-
ratus was used for the measurement of friction and the
psychophysical experiments described in sections “Simu-
lation of friction phenomena between vibrating contac-
tor and sliding fingertip” and “Psychophysical experiment
addressing friction perception resulting from laterally
vibrotactile stimuli’, respectively.

Simulation of friction phenomena

between vibrating contactor and sliding fingertip
As mentioned previously, we tested our hypothesis
by examining the simulated friction and human
psychophysical responses. Here, we describe the
simulation of the frictional behavior of a fingertip that is
sliding on a vibrating contactor.

Physical model

We used the physical model shown in Fig. 5 where the
finger pad is connected to the bone by way of a spring
and damper. The left and right figures are equivalent
expressions. This one degree of freedom (1-DOF) model
can be applied at least within a limited range of normal
load for the tangential deformation of the finger pad [32,
33].

Let x,, m, ¢, and k denote the displacement of the finger
pad, the equivalent mass, viscosity, and spring constant
of the finger pad, respectively. The equation of motion is
then given as

miy + c(xp — xf) + k(xp — %)
= —sgnGo)fs(0) )
where %, (t) = x,(¢) — x.(t) and f.(¢) are the relative

velocity between the finger pad and contactor and the
friction force, respectively. The motion of the contactor
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Fig. 5 Physical model of friction between fingertip and contactor.
These two models are equivalent
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was determined by a sinusoidal function (1). Because the
human hand force is regarded as being large enough to
maintain the intended motion, the motion of the finger is
given by &7 (¢) = constant, and ¥ () = 0.

The Stribeck curves for the skin friction have previously
been reported in the literature [34—36]. As described
above, by assuming the frictional characteristic between
the fingertip and contactor to be a Stribeck curve, thus
following the typical equation for a Stribeck curve, the
friction coefficient can be modeled as

X (t) X (1)
W ) oy
3)

where s, iy, and W are the static and kinetic friction
coefficients and the normal load of the finger, respec-
tively. Two constants, a and b, specify the profile of the
curve. The friction force is determined by

fr@®) = n(W, % () W. 4)

In (2) and (3), we used the relative velocity between the
finger pad and contactor &, (f) = %,(£) — %.(f) to deter-
mine the friction, whereas the measured friction referred
the relative velocity between the finger bone and contac-
tor. In general, measurement of the deformation of the
finger skin that is sliding on a surface is not easy, and we
could not experimentally acquire the true relative veloc-
ity between the finger pad and contactor &, (£) — X.(£).
Therefore, we defined the experimentally measured fric-
tion as a function of x¢(¢) — x.(¢) as described in section
“Specification of friction parameters” In the simulation,
these two types of relative velocities are largely the same
in terms of their magnitudes while a phase difference
exists between them, which indicates that the magnitude
of simulated friction forces does not substantially change
using either type of relative velocity.

w(W,x,(£)) = g + (s — 1) exp <—ﬂ

Specification of friction parameters

We determined the parameters ug, iy, a, and b in (3)
based on an experiment in which a fingertip was slid
on a vibrating contactor. The contactor was vibrated at
6 Hz with an amplitude of 1.25 mm. After the finger-
tip was wiped with a dry cleaning tissue, it was used to
repeatedly scan the non-lubricated contactor (which
has also been wiped with a tissue a priori) in one direc-
tion for 120 s with the indicated normal load being 1 N.
During this period, the contactor was scanned approxi-
mately 100 times. Using valid samples that satisfied 0 N
< frand 0.4 N < W, f./W values were plotted as a func-
tion of (xy — x.)/ W, as shown in Fig. 6. The f,/W values
varied continuously with changes in the (xf —x;)/W
values.
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Ratio of friction force to
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Ratio of relative velocity to normal
force [m/(s*N)] (x; — x.)/W
Fig. 6 Friction characteristic between contactor and finger. The solid
line is the characteristic of maximum static friction and kinetic friction.

The dotted line is the characteristic considering the transient states of
the static friction

Using &y — &, instead of x, = x, — &, these samples
were fitted to (3) by the application of the least-squares
method. The solid curve in Fig. 6 shows an approximated
curve (s =21, up =14, a =55 b=19, R?=0.91),
which indicates that the static friction rapidly decreases
at smaller relative velocities whereas the friction gradu-
ally increases at greater (xy — %)/ W values.

Although the above relates to the friction arising
when a fingertip is slid on a vibrating contactor, we
also observed a similar friction curve for sliding on a
stationary contactor. Also, the figure shows the samples
collected from one of the five participants, those for the
other participants exhibited similar curves with their
average and standard deviations of friction coefficients
being s = 2.1 £ 0.2 and u; = 1.3 £0.2.

Friction model with pre-maximum-static friction

The solid curve does not successfully express smaller
Jr/W values at small (xf — x.)/W values. This is because
Fig. 6 also includes the static friction before it reaches the
maximum static friction force. Such a transient region is
not considered by (3). We used another equation to model
this region as a linear function, which is

p’.‘W’ for(% <d
wr, W) = + (s — ) eXP{—ﬂ<"CW’ —d)}
+b("‘W’ - d) for (d < %
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where d is a value at which to switch between the two equa-
tions. When x, /W < d, f,/W isalinear function of x,/ W
which reaches a maximum static friction at x,/W = d.
In the same way as for the previous equation, we also
specified the parameters using the least-squares method
(p =400, d = 0.005, us =2.1, ux = 1.4, a = 86,b = 2.0
R? = 0.93). The resulting curve is indicated by the dotted
line in the figure.

In these two types of fitting, many samples fell far from
the fitted curves. One plausible reason for these variations
is that, in the case of an elastic object such as a finger pad,
the friction varies nonlinearly with the normal load [37,
38], which was not addressed by our model equations.
Moreover, the transition of a fingertip’s frictional state
from stuck to slipping appears to be largely probabilistic,
such that a stuck fingertip area either smoothly or non-
continuously decreases to zero at random [39]. Unfor-
tunately, it is demanding to incorporate these factors
because there is no widely accepted models of the vary-
ing finger load during tactile exploration and probabilistic
frictional behaviors for human fingertip.

Simulation of friction

In the simulation of friction described below, we used the
abovementioned two equations, (3) and (5), and arrived
at the same conclusions in terms of the order of the
maximum and average friction forces. Here, therefore,
we explain the friction forces as simulated using (3) (solid
line in Fig. 6).

Table 1 lists the values of the parameters in (2) and
(3) used in the simulation of friction. The mechanical
parameters for the fingertip were set to the average
values reported by Wiertlewski and Hayward [32] who
estimated the parameters for the shear displacements
caused by shear forces. The finger velocity x; was
determined such that we could test the two types of
hypotheses described in section “Hypothetical principle:
friction perception via lateral vibration” When xf =
0.1 m/s, x,(¢) > O continues to apply, whereas when xy =

Table 1 Parameters used for simulation

Symbol Meaning Value

m (kg) Mass of finger pad 10x 1074
k (N/m) Stiffness 10 x 10°
¢ (N-s/m) Viscosity 1.0

s Static friction coefficient 2.1

Ik Kinetic friction coefficient 14

a Constant coefficient 55

b Constant coefficient 1.9

W (N) Normal force 1.0

X¢ (mM/s) Finger velocity 0.10r0.04
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0.04 m/s, x,(¢) periodically falls to zero with some of the
stimulus conditions. These finger velocities are within the
range of the natural texture exploration [40—42].

Table 2 lists the vibratory stimulus conditions used in
the simulation. By varying the vibratory frequency and
amplitude, we were able to simulate several different
friction conditions. We also used these stimulus
conditions in the later psychophysical experiments. Due
to the stability issue of the control system, the highest
frequency that we tested was set to 9 Hz.

Figure 7 (top) shows the simulated friction for each
stimulus condition when &y = 0.1 m/s and x(¢) > 0.
With the exception of the friction on the stationary
contactor, the friction forces vary with the changes in the
relative velocity. They reach a maximum when the relative
velocities are the smallest. The stimulus conditions
clearly influence the simulated friction. The order of the
maximum friction forces is #4 > #3 > (#2,#1) > #0. This
order corresponds to that of the maximum velocities
of the vibratory stimuli. The friction with stimulus
#4, which has the highest frequency and velocity, was
the highest. On the other hand, that for the stationary
contactor was the smallest among the five types of
stimulus conditions. The orders of the average friction
over time are the same as those of the maximum friction;
however, there differences are minute. The average forces
are 1.62 N for #4, 1.60 N for #3, and 1.59 N for #3, #2, and
#1. The simulated friction suggests that the order of the
perceived frictions will also be similar. We discuss which
of the average or transient deviation of friction forces
are perceptually effective in section “Effects of transient
changes in friction forces caused by lateral vibration on
friction perception”

Figure 7 (bottom) shows the simulated friction when
x¢ = 0.04 m/s, for which the relative velocity may period-
ically fall to zero, and the finger pad and contactor stick
to each other. For stimuli #4 and #3, sticking occurs and
the friction reaches the maximum static friction when
%r(t) = +0. The contactor then passes by the finger
when #x,(t) < 0, and the direction of the tangential force
changes. On the other hand, only kinetic friction acts
for the other stimulus conditions. Given that the static

Table 2 Vibratory stimuli used in the simulation and psy-
chophysical experiments

Stimulus # Frequency (Hz) Amplitude (mm) Maximum velocity
of contactor (m/s)

#0 0 0 0

#1 3 1.25 0.024

#2 6 0.625 0.024

#3 6 1.25 0.048

#4 9 1.25 0.072
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Fig. 7 Temporal course of simulated friction forces caused by
vibrotactile stimuli. Top When % = 0.1m/s and X, (t) > 0 constantly
apply. Bottom When Xr = 0.04 m/s and X, (t) can be zero. For stimuli
#3 and #4, the simulated friction forces are not continuous because
the direction of the friction force is not always the same as that of the
finger velocity

friction force is perceptually prominent, the order of the
perceived friction may be (#4, #3) > (#2,#1) > #0.

Psychophysical experiment addressing friction
perception resulting from laterally vibrotactile
stimuli

The experimental protocol was approved by the
institutional review board of the School of Engineering,
Nagoya University.

Methods

We investigated the friction perceived when touching a
laterally vibrating contactor by applying Scheffe’s paired
comparison. After wiping his/her finger pad with a
cloth, each participant touched the contactor in the non-
lubricated condition. The participants wore headphones
through which pink noise could be heard, and also wore
an eye mask, thus shutting out auditory and visual cues,
respectively. The participants tested each of the paired
stimuli for 10 s, and then he or she judged which stimulus
gave the greater sensation of friction using a 7-step scale
(—3: The 1st stimulus was felt to have the greater degree
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of friction, 0: The two stimuli were felt to have the same
degree of friction, +3: The 2nd stimulus was felt to have
the greater degree of friction).

As described below, each participant repeated the above-
mentioned procedure 20 times to compare the five types
of stimuli for each of the two finger velocities. Hence, in
total, each participant performed 40 trials. The reference
velocity levels were 0.1 and 0.04 m/s, which were also used
in the previously described simulation. For each velocity
level, each participant could scan the contactor 17-18 and
7-8 times, respectively, within 10 s on average. The partici-
pant practiced these hand velocities before the experiment.
Furthermore, the finger velocity was monitored during the
experiment. If the velocity was deemed to be significantly
larger or smaller than the nominal value during a trial
(more than twice as large or less than half, approximately),
the experimenter instructed the participant to correct the
velocity, after which the trial was repeated. The finger load
normal to the contactor was maintained at approximately
1 N, which again was attained by pre-trial practice and
subsequent monitoring.

Participants

Five university students, who had responded to an
in-house advertisement, participated in the experiment
after signing an informed consent document. None of
them had substantial injuries to their hands and none
reported any perceptual impairment. They were unaware
of the objectives of the study before the experiment.

Stimuli

The five types of stimulus conditions listed in Table 2,
which were also used in the simulation, were used in
the experiment. For these five conditions, ten pairs were
configured. These pairs were presented in random order
as a single set, and two sets were performed for each
combination of participant and finger velocity.

Results

Amplitudes of vibrating contactor

When the finger pad was in contact with the contactor
(W > 0.01 N), the means and standard deviations of the
amplitudes of the vibrating contactor were 1.26 &+ 0.15,
0.65 +0.12,1.26 - 0.18, and 1.27 &= 0.22 mm, for stimuli
#1, #2, #3, and #4, respectively, all of which are close to
the set values of 1.25 or 0.625 mm.

Ranks of perceived friction
We calculated the ratings assigned to the stimuli based
on Scheffe’s method [43], and then tested the ranks of the
perceived friction by applying the Steel-Dwass test.

The ranks of the perceived friction for the stimuli when
the finger velocity was 0.1 m/s and x,(¢) > 0 are shown in
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Fig. 8. The small dots are the ranks reported by the individ-
uals, and the diamonds are their averages. The perceived
degrees of friction for stimuli #4 and #3 were the largest,
followed by those for stimuli #2 and #1. The friction per-
ceived with the stationary contactor (stimulus #0) was
the lowest. Especially, four of the five participants agreed
that stimulus #4 produced the largest perceived friction,
and all agreed that stimulus #0 produced the lowest per-
ceived friction. The figure also shows the maximum values
of the simulated friction (filled circles) for the five stimu-
lus conditions. These rankings of the stimuli are consistent
between the psychophysical experiment and the simula-
tions. As mentioned above, the rankings were the same for
the simulated maximum and average friction.

Figure 9 shows the rankings of the perceived friction
when &y = 0.04 m/s and x,(¢) could be zero. The friction
perceived with stimuli #4 and #3 were larger than those
perceived with the others. Stimuli #2 and #1 followed
them and stimulus #0 (stationary contactor) produced
the smallest perceived friction. The large perceived fric-
tion produced by #4 and #3 could have resulted from the
static friction and frequent sticking between the finger
pad and contactor, as indicated by the simulation. When
the intended finger velocity was 0.04 m/s, the results of
the psychophysical experiments and the simulation are
also consistent.

Mean and deviations of friction forces and coefficients

of friction

Figure 10 (top) shows the average friction forces com-
puted from the samples obtained from all the participants
and trials when W > 0.01 N. The average friction forces
for those conditions with large stimulus numbers were
basically larger than those with small stimulus numbers.
The rankings for the average friction forces were found to
be comparable to those obtained for perceived friction, as
shown in Figs. 8 and 9. Nonetheless, the largest difference
in the average friction forces among the stimulus condi-
tions was only approximately 0.1 N, and the differences
were not statistically significant (p = 0.625 and 0.570 for
% = 0.1 and 0.04 m/s, respectively) by two-way ANOVA
with the participants and stimulus conditions being fac-
tors. The friction forces significantly varied between indi-
viduals (p < 0.001 for two types of velocity levels).

Figure 10 (middle) shows the standard deviations of
the friction forces during the scanning motion. In order
to evaluate the transient change in the friction caused by
the lateral vibration of the contactor, for each trial, the
standard deviation was computed after being high-pass-
filtered with the cutoff frequency being 2.5 Hz. With this
operation, low-frequency deviations of friction origi-
nated from the human hand motion were removed. The
standard deviations were then averaged for individual
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participants. These values prominently present the effect
of vibration with greater values for larger stimulus num-
bers, which can be graphically seen in section “Temporal
course of friction and velocity". Two-way ANOVA indi-
cated that the deviations of friction were significantly
different among the stimulus conditions (p = 0.001 for
% = 0.1 and 0.04 m/s). These transient changes in fric-
tion caused by the vibrated contactor might have led
to the sense of sticking as discussed in section “Effects
of transient changes in friction forces caused by lateral
vibration on friction perception”.

Figure 10 (bottom) also shows the average coefficients
of friction for each stimulus condition. The coefficients
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were calculated as the ratio of the tangential force to the
load W. The average coefficients were significantly differ-
ent among the stimulus conditions for both velocity lev-
els (p < 0.01, two-way ANOVA). Those coefficients for
stimuli #1-#4 where the contactor vibrated and caused
the variation of friction were greater than those for stim-
ulus #0 that was a stationary condition. In contrast, the
coefficients appeared approximately equal for stimuli #1
—#4.

Decrease in relative velocity

A decrease in the relative velocity between the finger
and the contactor is a barometer to check the effect of
the vibrated contactor. For each trial, we calculated the
period at which the relative velocity was below 40% of
the intended finger velocity. The 40% corresponds to 0.04
of 0.1 m/s, and the Stribeck curve that was used in this
study reaches the bottom around this velocity.
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Table 3 Percentage period where x; — x. < 0.4 - x; dur-
ing the contact period. Mean and standard deviation val-
ues among the participants

Xf Stimulus number

#0 #1 #2 #3 #4
0.04 543 10+4 1045 246 2345
0.1 543 8+4 8+3 15+4 21£5

Table 3 summarizes the ratio of the period to the con-
tact period at which W > 0.01 N. These values are the
mean and standard deviations among the participants for
each stimulus condition. Because of the imperfect con-
trol of the exploring velocity, the relative velocities were
below 40% of the intended finger velocities for approxi-
mately 5% of the contact time even under non-vibratory
condition (#0). In general, decreases in the relative veloc-
ity were observed for longer periods as the stimulus num-
ber increased for the intended finger velocity of 0.1 m/s
(p < 0.01, two-way ANOVA) and 0.04 m/s (p < 0.01,
two-way ANOVA). These observations indicate that the
relative velocities were lowered by the lateral vibration
of the contactor as we designed. The principles hypoth-
esized in section “Hypothetical principle: friction percep-
tion via lateral vibration” imply that the lowered relative
velocities raised the friction forces.

Temporal course of friction and velocity

Figure 11 shows samples of the interaction forces
between the fingertip and contactor, together with their
velocities. The fingertip slid on the contactor when the
finger velocity and normal force were positive because
the participant repeatedly scanned it in the same
direction. The finger velocity and normal load naturally
varied under the instruction for unifying them. Also,
the sinusoidal motion of the contactor was moderately
maintained with the disturbance of human finger force.

The left-hand figure shows a sample for which the
intended finger velocity was 0.1 m/s and greater than that
of the contactor. The velocity of the finger relative to the
contactor was always larger than zero during touch.

The right-hand figure shows a sample for which the
intended finger velocity was 0.04 m/s, which more closely
approximated to that of the contactor. Under this condi-
tion, the relative velocity was supposed to occasionally fall
to zero, and sticking occurred in sync with the contactor
vibration that was associated with instantaneous increase
in the friction force. Unfortunately, as mentioned before,
since we could not measure the actual relative velocity
between the finger pad and vibrating contactor, we may
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not be allowed to precisely discuss the occurrence of
nominal sticking for which the relative velocity between
the contact surfaces is zero. However, the friction force for
0.04-m/s condition was more zigzag than that for 0.1-m/s
condition, indicating that the variation of friction caused
by lateral vibration was more prominent when the finger
velocity was smaller.

Unlike the simulation, the sticking did not occur at every
cycle of the vibration of the contactor. Furthermore, the
observed friction was always positive, defined as being in
the direction of the finger motion. In the simulation pre-
viously mentioned in Fig. 7, the velocity of the contactor
exceeded that of the finger, and the friction acted in the
opposite direction of the finger movement; however, these
phenomena were not observed in the experiments for every
stimulus condition. In the simulation, we assumed that the
finger and contactor exerted sufficient force to realize their
intended or programmed motions. In the actual experi-
ment, these assumptions did not hold mainly because of
the external forces applied by the finger to the contactor
system, which led to the discrepancies between the experi-
ment and the simulation. In the phase in which the contac-
tor was to exceed the finger, the finger pad and contactor
could have stuck owing to the high level of friction.

Owing to the complex dynamics that were not modeled
in this study, the variations in the actual friction were

substantially more irregular than those in the simulation.
Furthermore, although the participants were instructed
to maintain a constant finger velocity and normal load,
both actually varied during the course of the experiment.

The friction forces and relative velocities between the
finger and contactor are extended in the time domain
and shown in Fig. 12. The figure also shows those for the
stationary contactor condition. Under this condition,
the relative velocity was equal to that of the finger, and
the friction force was relatively smooth. In contrast,
when the relative velocity varied near zero for the finger
velocity of 0.04 m/s, the transient changes of friction
were prominent. The instantaneous drop of the relative
velocity caused instantaneous change of the friction
forces. When the instructed finger velocity was 0.1 m/s
and greater than that of the contactor, the transient
changes in friction were moderate.

Discussion

We hypothesized a principle for determining the degree
of friction perceived when touching a vibrating contactor
by considering two cases. The first was the case where
the relative velocity between the fingertip and contactor
is constantly positive, while the second was the case
where the relative velocity can be zero. The results of a
simulation based on this principle and psychophysical
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Fig. 12 Examples of friction forces and relative velocities between the finger nail and contactor. Those for stimulus #2 are from Fig. 11 for compari-

experiments were in good agreement. The principle of
the hypothesis is that the friction temporarily increases
owing to the decrease in the relative velocity between the
sliding finger and the vibrating contactor. Nevertheless,
only a limited number of material and stimulus
conditions were tested in our experiment, and a general
conclusion has yet to be attained. Here, we discuss the
possible principles of friction perception via laterally
vibrating contactor and the limitations of our study.

Effects of transient changes in friction forces caused

by lateral vibration on friction perception

As shown in Fig. 10 (top), the differences in the average
friction forces can be a maximum of 0.1 N among the
five types of stimuli, which was shown to be discernible
by a fingertip in a previous psychophysical study [44].
Nevertheless, it is necessary to question whether such
a minor difference in the average friction forces would
yield a clear perceptual difference if the deviation in the
friction were to be considerable. Furthermore, although
the apparent coefficients of friction were increased by
the lateral vibration of the contactor, the coefficients for
stimuli #1-#4 may not be significantly different from
each other. These statistical aspects were not enough
to describe the friction reported in the psychophysical
experiments.

Introspective reports by the participants described
their own personal judgment criteria after the
experiment, with most participants referring to a “sense
of sticking” when touching the vibrating contactor. This
“sense of sticking” is assumed to be a rapid variation in
the friction force rather than literal physical sticking
between the finger pad and the contactor. Such variations
in the friction were prominent for the conditions where
the participants ranked high in terms of the perceived
friction, as shown in Fig. 10 (middle). Based on these
reports, it is reasonable to speculate that a temporal
variation in the friction force caused by the change in
the relative velocity might have led to the increase in
the perceived friction. In other words, the increased
perception may be in part due to the perceptive
properties of humans to rapidly deviating friction
forces rather than an increase in the average friction or
coefficient of friction.

Conditions causing lateral vibration to increase friction
perception

It should be noted that our experiment was conducted
under limited conditions whereas various factors could
influence a tribosystem. Here, the effects of these factors
are discussed.
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A critical factor that could influence our experiment is
the surface roughness of the contactor material. In our
experiment, the surface was smoothly finished. The sur-
face roughness and friction are closely related [45, 46].
Because of the interlocking effects, surfaces with sig-
nificant roughness develop large friction forces with a
fingertip. On such surfaces, the finger frequently sticks
and barely slides. Hence, our approach, in which the rela-
tive sliding velocity between the finger and contactor is
manipulated with the intention of increasing the fric-
tion forces, would not function for contactors with large
amounts of friction. Such an increase in friction also
arises as a result of sweat [47]. Similarly, in the case of
large contact forces (which were limited to approximately
1 N in the present study), the friction rises and the prin-
ciple of our lateral vibration approach may not hold. In
summary, when the surface friction is large enough to
prevent the fingertip from smoothly sliding on the con-
tactor, the effect of lateral vibrations is not expected.

The mutual effects of roughness and friction perception
may also be a considerable factor. The roughness and
friction perceptions influence each other [1, 48, 49]. In
the case of materials with microscopic surface roughness,
any relative motion between the finger and material give
rise to the perception of roughness [50-52]. Hence, any
change in the relative velocity between the fingertip and
contactor, caused by a lateral vibration, potentially affects
the perception of friction through roughness perception;
such a mechanism is not considered in our hypothetical
principles.

The vibratory frequency and finger velocity are also
significant factors that could affect friction perception.
The tested vibratory frequencies were within a range of
3 to 9 Hz, and the perceived friction increased with this
frequency. However, at much higher frequencies, the
cycle of the variation in %, shortens, and the finger pad
and contactor become less likely to stick. Hence, the
perceived friction should not monotonically increase
with a frequency higher than that tested in the present
study. Furthermore, to attain an effective increase in
the degree of friction, the finger velocity should be kept
within an appropriate range. Based on our hypothesis,
when the finger and contactor velocities are close and
their relative velocity is small, a greater degree of friction
is sensed. A method for controlling the velocity of the
contactor according to the finger velocity would realize a
more effective friction presentation.

Finally, the perception of friction via a laterally
vibrotactile stimulus clearly depends on the difference
between the coefficients of static and kinetic friction.
The larger difference between these two types of friction
is more likely to cause stick and slip phenomena. Hence,
although we used finely polished ABS plastic, the use
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of more appropriate materials could lead to a more
prominent perception of friction.

Conclusion

When a fingertip slides on a contactor that is vibrating in
the lateral direction at a low frequency with an amplitude
of approximately 1 mm, a larger friction is perceived
than when sliding on a stationary contactor [30, 31]. This
phenomenon is expected to be exploited in new types of
vibrotactile displays. As part of our investigation of the
perception principle, we hypothesized that the perceived
friction increases owing to a stick and slip phenomenon
and the Stribeck characteristic when the relative
velocity between the fingertip and contactor is low. We
measured the tangential and normal interaction forces
between the finger and contactor using an instrumented
lateral vibrotactile display. Based on the measured
friction and finger motion, we simulated friction acting
on a finger sliding on a vibrating contactor. We then
recruited five participants and performed psychophysical
experiments on friction perception. The results of the
friction simulation, psychophysical experiments and
measured friction during the experiments suggested
that the transient increases in friction caused by the
decrease in the relative velocity influenced friction
perception for the vibrating contactor, indicating that
our hypothetical principle can be one explanation of
the observed phenomena. In particular, among the
tested conditions, the largest degree of friction was
perceived when touching the contactor vibrating at 6
or 9 Hz with an amplitude of 1.25 mm. From another
aspect, a greater degree of friction was perceived when
the relative velocities between the finger and contactor
temporarily approach zero. These facts indicate that an
effective friction display could be achieved by controlling
the velocity of a vibrating contactor in response to being
touched by a finger.
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