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Abstract. Tactile perception of texture is meaningful for numerous industrial and social applications. While the
sense of touch is provided by several contributing factors, each related to different sensory cutaneous units,
textures with non-low spatial gradients can be appreciated only by the relative motion between the ﬁnger and
the object. This work focuses on investigating the role that the vibrations induced during sliding contact play in
the origin of tactile perception and surface texture discrimination. We shall focus in particular on the effect of the
different spectral contents of the induced vibrations. To this end, ﬁrst the vibration signals produced by touching
different sample surfaces are recovered and analysed under controlled boundary conditions. Then, a collection of
data from different subjects is recorded and reproduced by a dynamic exciter. Finally, the reproduced signals are
randomly submitted to a panel of subjects in order to test their ability to distinguish the different surfaces only
through their perception of the reproduced vibrations. The results, while highlighting the key role played by the
spectral distribution of friction-induced vibrations, simultaneously reveal the limits of taking only vibrational
signals into account if we are to achieve satisfactory recognition of the whole panel of tested textures.
Keywords: Tactile perception / friction induced vibration / texture / biomechanics / tribology

1 Introduction
Tactile perception, intended as the identiﬁcation of the
shape and texture of objects, is a result of an overall
activity that involves primarily proprioceptors and
mechanoreceptors [1]. Proprioceptors are receptors of
kinesthesis, the perception of the position of the body,
while mechanoreceptors are sensory cutaneous units. A
better understanding of the mechanisms that contribute to
tactile perception could provide useful recommendations
for many industrial and social ﬁelds [2]: (a) development of
interfaces for tele-operation systems, such as tele-diagnosis
or microsurgery; (b) reproduction of touch perception
(virtual reality); (c) increase of human perception
(augmented reality); (d) development of tactile sensors
for intelligent prostheses; (e) development of tests for
evaluating tactile sensitivity during diagnosis or monitoring in rehabilitation processes; (f) design of tactile
communication devices, smartphones and touchscreens;
(g) the ergonomics of everyday objects, which signiﬁcantly
affects their commercial competitiveness and textile
quality; and (h) identiﬁcation of surface imperfections.

* e-mail: mariano.dibartolomeo@uniroma1.it

In the ﬁelds of acoustics and optics, the signals at the
origin of stimuli are well known and commonly reproduced
by acoustic speakers and monitors. However, the tactile
sense is still largely unknown. Current literature addresses
tactile perception in order both to understand the
mechanical signals at the origin of stimuli and to reproduce
those stimuli using tactile simulators. Recent works, for
example, have focused either on the analysis of signals
generated by touching everyday objects, like textile fabrics
[3] or on their reproduction by simulators [4,5].
Surface tactile sensing involves different types of
mechanoreceptive units, each consisting of an afferent ﬁbre
and its ending [6], located at a speciﬁc depth from the surface
of the ﬁnger epidermis [7]. They recover the mechanical
stimulus that comes from the contact between ﬁnger and
touched surface, which is then transduced into an electric
signal and sent to the brain. There are four main types of
mechanoreceptors [8]: (a) Slowly adapting type I (SA I)
afferents, which end in Merkel cells. These units react in a
frequency range from 1 to 16 Hz and are particularly suited to
the representation of surface shape and curvature [6]; (b)
Fast adapting type I (FA I) afferents, which end in Meissner’s
corpuscles. The FA I units react from 3 to 60 Hz. They are
insensitive to static skin indentation but they respond well to
dynamic skin deformation [9]; (c) Fast adapting type II
(FA II) afferents, which end in Pacinian corpuscles. These
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respond within a broad frequency range (40–500 Hz) with a
maximum sensitivity around 300 Hz. They intensively ﬁlter
low frequency stimuli and are particularly sensitive to
transient stimulation [8,10]; and (d) Slowly adapting type II
(SA II) afferents, which terminate in Rufﬁni endings. They
are excited at a very low frequency range (a few Hz). These
units have a poor spatial resolution and play an important
role in detecting skin stretch and in perceiving hand
conﬁguration and ﬁnger position [11].
In modern psychophysics and neurophysiology, the
theory that tactile perception takes place by means of the
so-called “duplex model” [12] is more and more accepted.
This theory states that the tactile perception process
occurs in different ways, depending on the presence of
either ﬁne (spatial period < 100 mm) or coarse (>200 mm)
textures [12–14]. The former are related mainly to friction
induced vibrations (FIV), whereas the latter are more
closely related to skin deformation gradients [13].
Taking the work of Katz as a starting point [12], modern
studies have improved this theory by providing experimental demonstrations, adding further details, and
correcting some inaccuracies: Lederman and Taylor [15]
observed that perception of roughness was related to the
spatial properties of a sample’s surface and that tactile
perception was not signiﬁcantly affected by the relative
velocity between ﬁnger and sample. The works of Lederman et al. [16] conﬁrmed that, in the case of very coarse
textures (>630 mm), vibrational contribution does not play
a signiﬁcant role in tactile perception. In subsequent
studies [6,7,17–19], it has been found that, if the sample
texture is too small to deform the skin of the ﬁnger
signiﬁcantly, the spatial coding fails and texture must be
perceived in a nonspatial way. The experimental work of
Hollins and Risner [13] highlighted the role of relative
motion in tactile perception. When there is no relative
motion, ﬁner textures cannot be correctly perceived; coarse
ones, however, can still be adequately characterized,
although they are perceived as being less rough.
These results are consistent with the duplex theory.
Indeed, in a static contact, only slow adapting units are
excited and, while the perception of coarse textures is still
possible thanks to the spatial deformation gradient,
textures that are too ﬁne cannot be fully identiﬁed. In
contrast, when relative motion occurs, fast adapting units
are activated by the friction induced vibrations in the ﬁnger
skin, meaning that textures with a spatial period of less
than 100 mm can be discriminated [20].
Recent studies [20–22] also investigated the role of the
ﬁngerprint in the perception phenomenon, highlighting its
ﬁltering effect. Moreover, an analysis of the vibration spectra
highlighted the fact that scanning the ﬁnger over a sample
with a well-deﬁned spatial period produces vibrations with a
spectrum that is characterized by well-deﬁned peaks in
frequency. Depending on the ratio between the sample
wavelength and the ﬁngerprint one, different behaviours can
been identiﬁed. In particular, when the sample wavelength is
much smaller than that of the ﬁngerprint, the spectrum
depends mainly on the texture of the sample; however, when
the sample wavelength is coarser than that of the ﬁngerprint,
the acceleration spectrum depends mainly on the ﬁngerprint
wavelength [17,23]. These results are in agreement with the
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Fig. 1. Different steps in the analysis, measurement, and
reproduction of vibration signals.

duplex theory and shine a light on the determinant role of the
ﬁngerprint spatial period, which behaves as a ﬁlter for
induced vibrations.
In a more general way, an investigation of the
tribological aspects and the spectra of induced vibrations
could contribute to the deﬁnition of objective indexes
related to the tactile perception of manufactured surfaces,
including softness, hairiness [3], textile quality [3,24,25],
texture, etc. Tactile perception has also, in large part, been
investigated in order to evaluate the inﬂuence of other,
different parameters including loads [26,27], pressure [28],
ﬁnger inclination [29,30], ﬁnger orientation respect to
rubbing direction [31], etc.
The purpose of this work is mainly to investigate the
inﬂuence of the vibrations induced during ﬁnger/surface
contact on the origin of tactile discrimination between
different textures.
The paper is organized as follows. In Section 2, the
methods employed to obtain the different measurements,
and the different setups used for this purpose, are
described. In Section 3.1, the tribological and dynamic
signals that were measured are reported and analysed. In
Section 3.2, the procedure to reproduce vibration signals
that mimic the FIV is described and applied. In Section 3.3,
the data collected on the tactile perceptions of a panel of
subjects in response to the excitation signals generated in
Section 3.2 is reported and discussed.

2 Methods and materials
The following steps were performed in order to evaluate the
role that the vibrations induced by scanning a surface with
the ﬁnger played in discriminating between different
surface textures (Fig. 1):
– The vibrations induced by touching the sample surfaces
were measured under controlled boundary conditions,
using a panel of subjects.
– Equivalent excitation signals were developed to obtain
the same vibrations that had been measured while they
were touching the surfaces; for the same purpose, the
FRF (frequency response function) at the ﬁngertip was
also calculated.
– The equivalent excitation signals were applied to the
subjects’ ﬁngertips in order to evaluate their ability to
distinguish between the samples based solely on the
reproduced vibration stimuli.
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Fig. 2. Samples with different roughnesses and related proﬁlometer traces.

The work presented in this paper was structured in
different phases, each of which was characterized by a welldeﬁned procedure and required a dedicated arrangement of
the test equipment. All of the procedures and their
respective setups are described in this section.
2.1 Measurement of the FIV: methodology and setup
The ﬁrst step involved measuring the signals produced when
the ﬁnger slid over a sample with a well-deﬁned roughness.
To this end, six samples (steel bars measuring 135  20  8
mm) with different roughnesses were used. Four of the
samples (P1, P2, P3, P4) had a regular periodic roughness
with a well-deﬁned spatial period l and total height of the
roughness proﬁle Rt, that is, the vertical distance between the
maximum proﬁle peak height and the maximum proﬁle
valley depth along the length of the test zone (Fig. 2). The
other two samples (R1, R2) were characterized by randomly
distributed roughnesses (Fig. 2). The R2 sample was
composed of two zones, each with a different roughness
(Fig. 2). The periodic roughnesses were obtained by means of
a milling process using different widths of the milling tool.
The random roughness, on the other hand, was accomplished
by means of a sandblasting process with different bead sizes
and working pressures.
Figure 3 shows the TriboTouch setup, the experimental
device used to perform the measurements. In particular,
Figure 3a, in addition to the chain measurement, shows the
TriboTouch equipped for measurements from a Fake
ﬁnger, which could also be of interest in terms of
measurement automatisation. Conversely, Figure 3b shows
the arrangement for measurements from a Real ﬁnger, as in
the case of this paper. The sample was placed on a support
frame, which was translated horizontally by a compliant
mechanism (Fig. 3). The compliant mechanism was
composed of two double parallelogram linkages, tilted

towards each other (Fig. 3, on the right). Instead of
bearings, the rigid sides of the parallelograms were linked
by means of compliant joints, which exhibit no friction
losses or noise [32]. The displacement of the sample was
achieved by means of a linear voice coil actuator, where the
relative motion between the coil and the magnet was
obtained without direct contact. The actuator was driven
by a controller connected to a computer, which made it
possible to control the velocity and keep it constant during
sliding. The choices of both the compliant mechanisms and
voice coil actuator met the requirement of avoiding
parasitic vibrations coming from the experimental setup,
which could have signiﬁcantly affected the measurements,
due to the very small amplitudes of the induced vibrations
on the ﬁnger. A TTL linear encoder (Fig. 3), whose
resolution was 0.5 mm, provided the position feedback.
The main purpose of the measurement was to acquire
information on the dynamics at the contact region between
ﬁnger and sample. Unfortunately, it was impossible to get
this information directly, without modifying the contact
conditions themselves. For this purpose, a 1-axis accelerometer was ﬁxed at the closest zone to the contact region,
the ﬁngernail (Fig. 4). The accelerometer recorded the
acceleration along the direction perpendicular to the
ﬁngernail. Even if there is a ﬁltering effect caused by the
ﬁnger itself, knowing the FRF of the ﬁnger makes it
possible to recover, to a great extent, the actual dynamics
at the contact region, as explained in the next section.
The insertion error caused by the presence of the
accelerometer was negligible, thanks to its reduced mass.
This was conﬁrmed by comparative measurements taken
using a laser vibrometer [33].
During the measurement, the ﬁngertip was kept
stationary while the sample surface was moved, thereby
achieving what is known as the condition of “passive touch”
(as opposed to “active touch”, where the ﬁngertip is
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Fig. 3. TriboTouch experimental setup: (a) chain measurement with TriboTouch equipped for measurements from Fake ﬁnger and
(b) TriboTouch arranged for Real ﬁnger measurement.

2.2 Reproduction of the FIV signals: methodology and
setup

Fig. 4. TriboTouch, ﬁnger-sample test conﬁguration.

moved). In this manner, the operator had better control
over the normal force, which was maintained approximately constant at 0.5 N during the translation. Moreover,
the translation velocity v could be maintained at a constant
value of 20 mm/s by the voice-coil actuator. The values of
0.5 N and 20 mm/s were chosen in order to reproduce the
mean force and velocity values applied when scanning a
surface with the ﬁngertips [20]. The forces exchanged by
the ﬁnger and the surface were measured by two triaxial
force transducers (Fig. 4). Normal (along y) and tangential
(along x) forces make it possible to evaluate the mean
friction coefﬁcient during the sliding contact. The transducers were connected to charge ampliﬁers and thence to
the acquisition system.
The wrist of the operator rested on a rigid support in
order to prevent undesired movements and to better
control the normal force (Fig. 3). The ﬁnger was
maintained at an angle of approximately 20° with respect
to the horizontal plane. Moreover, to avoid alterations in
the contact conditions, the ﬁngertip was cleaned with
hand-cleansing gel and the sample surface was cleaned with
alcohol before each test.

During frictional contact with a surface, the ﬁngertip is
stimulated by both normal and tangential contact stresses.
These distributed exciting forces change both in time and
in space depending on skin morphology and kinematics,
which determine the real contact area and the related
contact pressures. This makes it difﬁcult to record and
reproduce the distributed actual contact interaction.
Nevertheless, the skin acts as a membrane by
transmitting the vibrations, excited at the contact
interface, to the ﬁngernail, where the accelerometer is
placed. Even if the local spatial distribution of the contact
is lost, the measurements of the acceleration at the
ﬁngernail make it possible to recover the amplitude and
frequency distribution (spectrum) of the overall contact
induced vibrations.
The goal of this work is to evaluate to what degree a
difference in the spectrum of the vibrations induced by
scanning an object with the ﬁngertip can be perceived as a
distinctive signal and allow for discrimination between
different surfaces.
This section describes how the signals measured on the
ﬁngernail are used to generate an equivalent vibration
signal which, sent to the ﬁngertip by means of a dynamic
exciter, makes it possible to obtain the same accelerations
(frequency content, root mean square) measured at the
ﬁngernail.
2.2.1 Evaluation of the ﬁnger FRF
The ﬁrst step is to determine the FRF of the ﬁnger. The
ﬁnger can actually be viewed as a dynamic system, where
the input is the force (F) coming from the frictional contact
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Fig. 5. FRF measurement setup.

€ measured on the nail
and the output is the acceleration (X)
(Fig. 4); so, strictly speaking, the FRF is an accelerance A:
€
XðvÞ
ð1Þ
AðvÞ ¼
F ðvÞ
Given that the system is linear, a ﬁrst approximation of
the transfer function of the ﬁnger can easily be obtained by
measuring the force and acceleration. Figure 5 shows the
setup used for this purpose.
Speciﬁcally, a signal generator sends a signal, opportunely ampliﬁed, to a shaker. The force is measured by
means of a force transducer screwed in at the top of the
shaker. A stinger is set up on top of the transducer. The
ﬁngertip rests on the stinger, maintaining a routine angle of
20°, and the acceleration is measured at the ﬁngernail. This
procedure was repeated for all the participants and the
accelerance was determined for each of them.
In this conﬁguration, the measured force is a normal
force. The accelerance provides the relationship between a
normal force exciting the ﬁnger and the acceleration
measured in the direction perpendicular to the nail.
Obviously, in real contact, the tangential components of
the force and their spatial distributions also play a role [34].
However, in light of the fact that the aim of the present
analysis is to estimate the inﬂuence of the frequency content
of the FIV on tactile recognition of textures, and the inﬂuence
of the frequency content of the stimulus on tactile perception,
this shortcoming does not represent a lack of accuracy. On
the contrary, in this way, only the contribution of the
frequency content is taken into account, without the spatial
distribution and the overall force direction being reproduced.
Thus, the reconstructed signal will have the same frequency
content as the actual force exchanged between the ﬁnger and
the sample. We plan to take the effect of the force direction
with respect to the ﬁnger and the pressure distribution into
consideration when further developing this work.
Using the procedure described above, the FRFs of each
subject were obtained; an example is presented in Figure 6.
The same ﬁgure also reports coherence, which measures the
correlation between the input signal (F) and the output
€ making it possible to evaluate whether external
signal (X),
noise has affected the measurement.

Coherence
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Fig. 6. Finger frequency response function.

The FRF shows its greatest increase at around 200 Hz,
which is followed by a subsequent decrease moving towards
the higher frequencies. We can also observe that the
coherence remains close to 1 for a large range of frequencies,
except for values greater than 2000 Hz and lower than
40 Hz. At high frequencies, the loss of coherence is mainly
ascribable to nonlinearities of the system and to large
damping; nevertheless, the range of interest for the tactile
issue remains under about 500 Hz.
The drastic drop in coherence at low frequencies was
related to the intrinsic limits of the excitation system.
Indeed, the shaker presents a cut-off frequency of around
30 Hz, with a response curve that reaches a stable response
at about 40 Hz. This issue led to the reduction of the
frequency range of the analysis at over 40 Hz. The
immediate consequence of this choice was the need to
ﬁlter the FRF (Fig. 6) in the range between 0 and 40 Hz, in
order to avoid the reproduction of fake signal contents
below 40 Hz. Two possible solutions were considered: (a)
high-pass ﬁltering with frequency cut-off at 40 Hz (red line
in the inset of Fig. 6) and (b) constant value of the FRF
between 0 and 40 Hz (black line in the inset of Fig. 6).
Solution (a), although it seems to be the simplest, could
not be used. As a matter of fact, because the ﬁnal signal is
obtained by means of the inversion of the relationship (1),
as explained later, a small value of A(v) gives rise to
overestimated values of F(v), entailing the accentuation of
low frequency effects. Consequently, solution (b) was used in
the following analysis. A direct validation of the methodology has been performed, comparing the acceleration signals
obtained using both methods with the original signal data.
Obviously, this limits the validity of the conclusions of
this work to a reduced frequency range (40–2000 Hz).
Nevertheless, the response of the FA II and SA II units,
which are responsible for perceiving medium-high frequency transients, falls within this range.
The use of a stinger instead of a ﬂat surface fully satisﬁes
the need for better coherence. Nevertheless, measurements
with the ﬁngertip placed directly on a ﬂat surface were also

6

M. Di Bartolomeo et al.: Mechanics & Industry 18, 404 (2017)

carried out, so as to verify the inﬂuence of ﬁngertip
deformation on the FRF; the FRFs thus obtained showed
no appreciable differences. A sampling frequency of 5000 Hz
was used, in order to obtain the spectrum of the signal up to
2500 Hz.
2.2.2 Determination of the equivalent excitation signal
The goal of this phase is to evaluate whether the vibration
signal, when applied directly to the ﬁngertip by a dynamic
exciter, produces the same accelerations as the ones
experienced during the frictional sliding of the ﬁngertip
on the touched surface. Although the TriboTouch provides
the global tangential and normal force signals (Fig. 4), the
vibrations measured on the ﬁnger were chosen as the
reference signal to be reproduced. This choice is motivated
by the fact that the acceleration measured on the ﬁnger has
the vibrational content closest to the one perceived by the
mechanoreceptors within the ﬁngertip skin.
The equivalent excitation signal was obtained from the
response signals and the calculated FRF. Indeed, the
equivalent normal force excitation, FNeq, could be calculated by using the measured signals of acceleration at the
ﬁngernail and the FRF of the ﬁnger.
The equivalent normal force FNeq makes it possible to
reproduce a frequency content similar to the real contact
force. Thus, starting with the signals of acceleration
measured during sliding of the ﬁnger over the different
surface samples, the equivalent normal force FNeq(v) was
calculated in the frequency domain:
€
XðvÞ
ð2Þ
F Neq ðvÞ ¼
AðvÞ
Finally, the spectra of the equivalent normal forces were
opportunely calculated and an inverse fast Fourier
transform (IFFT [35]) was applied in order to obtain the
signals in the time domain FNeq(t).
The variables in the relationship (2) were considered in
terms of both their real and imaginary parts. In this
manner, the procedure accounted for the phase of the signal
and, once the IFFT was applied, the time evolution of the
signal was reconstructed. Once the equivalent normal
forces had been calculated in the time domain, they were
used as an input to excite the ﬁngertip (see Sect. 2.3). More
precisely, they were normalized and, by means of the signal
generator, they were sent to the shaker in order to be
perceived by the subject’s ﬁngertip.
Preliminary tests were required to evaluate the suitable
gain to apply at the power ampliﬁer for each sample, in
order to obtain the same value of acceleration RMS as had
been measured in Section 2.1.
This operation was repeated for each sample and for
each subject. At the end of this phase, all the FNeq signals
and their related gains were available to be reproduced by
the shaker and applied to the ﬁngertips of the subjects.
2.3 Surface discrimination by FIV: methodology and setup
In order to obtain preliminary feedback to evaluate the
actual inﬂuence of the FIV on the discrimination of object
surfaces by tactile perception, an investigation campaign

Fig. 7. Test B: surface discrimination through FIV.

was conceived and conducted on a panel of 10 subjects. All
of the subjects were between 24 and 40 years of age, with
an average age of 28, and none of them reported diseases
that could affect perception capabilities. The panel was
composed of 7 men and 3 women, all volunteers and all
right-handed. The essence of the test was to compare the
sensation perceived while sliding the ﬁngertip over the
sample to that experienced when resting the ﬁngertip on
the shaker (fed by the FNeq). The purpose was to examine
whether or not subjects were able to match each signal to
the corresponding sample from which it had been derived.
As noted in Section 2.2.2, since the FNeq has the same
frequency content of the actual signal, this investigation
should help to understand how the spectrum of the FIV
contributes to the tactile discrimination of objects’
surfaces.
Following the calculation of the required signals
(reported above) for all of the samples and all of the
subjects, this part of the work was divided into three main
phases:
– Phase no. 1: Each subject rubbed his ﬁnger over each
sample, to acquire familiarity with the perception
provided by the samples and to link a sample with the
correspondent tactile sensation. Care was taken to train
the subjects to reproduce, as closely as possible, the same
scanning velocity experienced on the TriboTouch
(20 mm/s).
– Phase no. 2, test A: Each subject rubbed his ﬁnger over
each sample, as before, but in this phase the samples were
hidden from the subject’s view and presented to the
subject in a random order. The participant had to express
his opinion regarding which of the samples he was
touching. A table was ﬁlled out for each participant,
reporting his right and wrong answers. This phase could
be repeated in case of an excessive number of wrong
connections, in order to improve the subject’s familiarity
with the samples.
– Phase no. 3, test B: Each subject laid his ﬁnger on a ﬂat
surface (of ∼1 cm2) on the top of the shaker (as in Fig. 7)
which was fed by a series of FNeq signals in a random
sequence. In this phase as well, a table was ﬁlled out for
each participant, with the FNeq, sent to the shaker (and
unknown to the participant) and the sample stated by
the participant. The participants were also permitted to
evaluate each signal several times if doubts persisted.
During the test, the volunteers wore headphones, to
avoid being inﬂuenced by acoustic signatures from the
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Fig. 8. Acceleration power spectral density (PSD): (a) sample P2 and (b) sample P4.

shaker. In addition, they were permitted to move their
ﬁnger, and their arm, over the shaker, in order to take
into account kinesthesis and simulate, as closely as
possible, the original haptic act.
The results of this test were used to compare the ability
of the volunteers to discriminate between the surface
samples by means of the sensation perceived when touching
the actual samples with their ability to do so through the
sensation experienced when putting the ﬁnger over a
shaker fed by the samples’ respective FNeq signals.

3 Results and discussion
3.1 Measurements of the FIV
Using the TriboTouch setup, the force and acceleration
signals were recorded when each of the six samples in
Figure 2 slid under the ﬁngertip, with controlled boundary
conditions (normal force 0.5 N, translation velocity
v = 20 mm/s, a ﬁnger angle of about 20°).
Figure 8a presents the power spectral density (PSD) of
the acceleration measured with sample P2.
This ﬁgure and the following ones show the PSD of the
signals obtained for one subject, making it possible to focus
on the main characteristics of the frequency content. The
spectrum shows a peak at 65 Hz and superharmonics at 131
and 197 Hz; the main harmonic is directly related to the
spatial wavelength l of the roughness of the sample and to
the translation velocity v. The frequency at which the
protrusions of the ﬁngerprints intersect each solid summit
of the roughness is approximately v/l (in the case of sample
P2 it is 20/0.3 = 67 Hz), which is in line with results from
previous works [18,19]. Similar behaviour was also reported
for the other periodic samples, as shown in Figure 8b, where
the frequency of the main harmonic is smaller, due to the
larger value of the spatial wavelength of the sample surface
P4 (l = 1.2 mm). In contrast, in the case of random
samples, the spectrum does not present a main harmonic,
as can be observed from Figure 9a for the sample R1.
In this case, the signal is instead characterized by a
broadband frequency content, with substantial contribution around the 200 Hz mark. The same occurs for the R2

sample (Fig. 9b), except for the fact that the greatest
energy contribution is in the range between 100 and 300 Hz.
The frequency band where the vibrational energy is
distributed depends on both the topography of the surface
and the scanning velocity. The vibration signal was
recorded for each sample and for each subject.
3.2 Reproduction of the FIV
Once the acceleration on the ﬁngernail has been measured
during the scanning of the surface, and once the FRFs at
the ﬁngertip have been obtained, the signal to send to the
shaker can be calculated in such a way as to reproduce the
same accelerations on the ﬁngernail. As described in
greater detail in Section 2.2.2, the acceleration signals
measured while touching the surface (hereafter called FIV
acceleration) were used as the starting point to obtain the
corresponding equivalent normal force FNeq signals. These
signals were, in turn, sent to the shaker, resulting in a new
measure of acceleration on the ﬁngernail (hereafter termed
FNeq acceleration). Special care was taken to obtain the
same acceleration RMS value by means of the gain set in
the power ampliﬁer. The main goal of this step was to
reproduce an excitation with a similar spectrum distribution and overall amplitude to the excitation arising from
the actual scanning of the sample surface.
Figure 10, which presents data related to sample P1,
shows an example of the comparison between the FIV
acceleration (obtained by scanning the ﬁnger on the
surface) and the FNeq acceleration (obtained by reproducing the equivalent excitation with the shaker). We can
observe that the frequency content of the two signals is
largely consistent.
The same is true of samples P2 and P3, as can be
observed, for instance, in Figure 11a. In the case of the
random samples, R1 and R2, the two accelerations again
show excellent coherence, in both the frequency spectrum (in
particular for the medium-high frequencies) and the energy
distribution, at least in the frequency range that affects
tactile perception (Fig. 11b). It is worth noting that, in the
case of the samples R2, taking into account the time
evolution (as described in Section 2.2.2), the reconstructed
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Fig. 9. Acceleration power spectral density (PSD): (a) sample R1 and (b) sample R2.
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Fig. 10. Comparison of acceleration PSD for sample P1: FIV
acceleration (blue line) and FNeq acceleration (red line).

signal is able to reproduce the change in the vibration signal
experienced when passing over the two zones with different
roughnesses. However, in the case of sample P4, the
reproduced signal does not correspond to the original signal
(Fig. 12).
In fact, as Figure 12 shows, the FNeq acceleration
completely lacks low frequency harmonics. This is
connected to the fact that the P4 sample has frequencies
of interest that cover values lower than the shaker limit
(40 Hz). It has therefore been excluded from the following
considerations and, in particular, from the subsequent
investigation campaign.
The above results suggest that the use of the FNeq signal
gives a sufﬁciently accurate reproduction of the overall
vibrational response measured on the ﬁngernail. This is
primarily due to the use of the ﬁnger FRF, which allowed us
to give the appropriate weight to the frequency content of
the spectrum, which is generally ﬁltered by the ﬁnger.
Although the directionality and space distribution of the
excitation at the contact cannot be reproduced, the
frequency content of the vibrations induced on the ﬁngertip
is reproduced, in order to investigate its role in the ability
to discriminate surface textures through friction induced
vibrations.

As previously discussed, the last step of this work was an
investigation campaign to examine the role FIV plays in
tactile perception, and speciﬁcally on the ability to
recognise different surface textures using only overall
FIV input. Due to the restricted number of participants,
this campaign does not have sufﬁcient statistical robustness to infer strong conclusions. Its role has been primarily
to provide recommendations for conceiving and deﬁning
the protocol of the campaign and to shine a light on the
drawbacks of the procedure. While the results obtained are
useful for a direct comparison between the tested surfaces,
their limits are noted at the end of this section.
The volunteers performed the tests on ﬁve samples, P1,
P2, P3, R1, and R2 (Fig. 2), in compliance with the procedure
described in Section 2.3. Sample P4 was excluded due to the
impossibility of reproducing the FIV signal with the shaker
used. The results of this test have been treated statistically
and summarized using the association matrix reported in
Figure 13. The matrix was built in the following manner: the
FNeq signals, corresponding to each surface sample and used
to feed the shaker, are in the abscissa; in the ordinate, the
sample indicated by the volunteer as being the one that
provided the same sensation perceived during the active
touch is reported. The squares along the matrix diagonal
(green dotted line) indicate that the sample was correctly
recognised by the volunteer based solely on the FIV signal. A
square out of the diagonal indicates misidentiﬁcation of a
sample. The colour of each square is directly proportional to
the association degree, which indicates the percentage of
participants that gave that answer, according to the scale on
the left.
Figure 13 shows periodic sample P2 as having the
maximum association degree (50%); in other words, 50% of
the participants correctly associated the FNeq signal of P2
with the P2 surface sample. The second-highest association
degree, remaining on the diagonal that represents the locus
of correct associations, was for periodic sample P1 and
random sample R2, both of which showed an association
degree of 40%. They were followed by periodic sample P3
(30%) and random sample R1 (20%).
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Fig. 11. Comparison between acceleration PSD: (a) sample P2 and (b) sample R1.
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Fig. 12. Acceleration PSD of sample P4.

In agreement with Katz’s theory [12], the greater
degrees of association were observed for the periodic
samples, and in particular for the ones with a ﬁner texture.
Indeed, samples P1 and P2 have roughness wavelengths
(Fig. 2) closer to values that, in the double perception
theory, are considered as representative of “ﬁne textures”.
In contrast, sample P3 (l = 0.6 mm) can be considered to
be in the range of “coarse textures” [20,22] and a lower
value of correct association was obtained.
In these tests, the only information provided by the FNeq
signal was related to the vibrations induced during the actual
sliding of the ﬁngertip on the sample surface. No information
about the static deformation of the ﬁnger skin was
reproduced. In the case of “ﬁne textures”, the vibrational
information is meaningful for recognising the surface
samples. This conﬁrms that, in the perception of ﬁne
structures, a prominent role is played by the vibrational
component rather than the static deformation of the skin. In
contrast, for a coarse texture (P3), the vibrational signal is
too poor in information for surface recognition to be possible.
If we compare the random samples, the highest
association degree was recovered for sample R2. This can
be attributed to the enhanced identiﬁcation ability resulting
from the presence of a discontinuity within the perceived
vibrational stimuli, caused by the sequence of two distinct

Fig. 13. Association matrix. ▪▪▪Line of correct association.

surface roughnesses on the same sample (Fig. 2). The
volunteers were able to “feel” the passage between the two
halves of the surface, characterised by different roughnesses,
thanks to the variation in the reproduced FNeq signal.
The other random sample, R1, exhibits the lowest value
of association degree. This is probably due to the fact that a
lack of the sort of regular frequency pattern found on the
periodic samples makes the signal less identiﬁable and its
perception more susceptible to error. In addition, we
observed that the subjects often associated the R1 sample
with periodic samples with ﬁner textures. This is probably
because the frequency content of the random R1 samples is
quite concentrated, in a frequency band of between
approximately 100 and 300 Hz, where the main frequency
peaks of the ﬁner periodic samples are also located.
Foremost among all our observations so far is the fact
that even in the best case, as Figure 13 reveals, the
maximum association degree value remains low (50%).
This can be attributed to different sources of bias, which
could have some misleading effect on the ability of the
subjects to discriminate between the reproduced tactile
signals. One of these sources of error could be the
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unavoidable difference between the rubbing velocities in
the passive touch measurements on the TriboTouch and
the active touch of the samples in phase 3; this despite the
fact that, as described in Section 2.3, special care was taken
to train the subjects to reproduce the same velocity. Other
bias factors could arise from the force direction, restricted
to the normal one, and from the movement of the ﬁnger
over the shaker, which, while it did account for kinesthesis,
could also have introduced some additional stimulus.
Moreover, kinesthesis could play a fundamental role, one
which was not fully taken into account in this study, given
that it lacked the correlation between the kinematics of the
limb and the transient variability of the spectrum. This is
one of the reasons why the measurements were made at a
constant speed. In addition, of course, the variability of the
kinematics could be one of the biases of the low
discrimination performances. Accounting for the correlation between limb kinematics and spectrum is an extreme
challenging issue and will certainly be the object of future
study. Finally, there are factors other than surface
roughness that contribute to tactile perception [36,37].

4 Conclusions
This paper presents an experimental analysis of the
dynamic aspects of the phenomena that occur when a
ﬁnger slides over a surface. The main purpose of this work is
to investigate the role of the friction induced vibrations
that are generated when touching a surface on the
perception of surface textures. For this purpose, after
having taken measurements of FIV on speciﬁc surface
samples, this work was devoted to conceiving of, deﬁning
and applying a method for reconstructing the signals
associated with the forces experienced upon contact
between the ﬁnger and the samples. These are forces that
are inaccessible for direct measurement. At this stage, our
analysis has been focused on the reproduction of the
frequency content of the force signals, regardless of force
direction and spatial distribution.
A preliminary campaign was conducted, involving a
panel of volunteers, to compare the perception experienced
when resting the ﬁnger on a shaker fed with the
reconstructed force signals with the perception experienced
when sliding the ﬁnger over the surface samples. This
experiment allowed us to focus our attention on the effects
of the frequency distribution of friction induce vibrations,
ignoring the quasi-static deformation of the skin and other
perception mechanisms that come into play in the case of
direct contact with surface samples. While the restricted
number of subjects does limit the statistical robustness of
the results, the tests performed are useful for making direct
comparisons between the tested surfaces and how they are
perceived.
The results showed that the maximum values for the
ability to associate the equivalent signal with the real one
occur in correspondence to samples with ﬁner periodic
textures. Thus, in the case of “ﬁne textures”, information
containing solely the dynamic aspect of the tactile
experience is meaningful for discriminating between the
textures touched. On the other hand, when the textures

become coarser, the lack of other information, such as the
spatial deformation of the skin, limits the correct
identiﬁcation of samples. This is consistent with Katz’s
duplex perception theory. In the case of a surface with a
non-periodic roughness, the absence of a recognisable
frequency pattern seems to make the perception more
sensitive to errors. Moreover, the identiﬁcation of a surface
sample can be improved by discontinuities of the surface
texture within the same sample surface, which is “felt” by
the participants during the application of the equivalent
dynamic stimuli.
Although the results obtained through this analysis
suggest that the role played by the spectral distribution of
friction induced vibrations is a fundamentally important
one, they also reveal that, given the complexity of the
phenomenon, the reproduction of vibrational signals alone
cannot permit satisfactory recognition of the entire panel of
tested textures. Further investigation is needed, both to
examine the effects of other factors, such as vibration
amplitudes, force direction, and the kinematics of the
ﬁngertip, as well as to analyse the effects of differences in
the spectrum distribution on a larger panel of samples
including, for instance, textiles and soft materials.
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