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ABSTRACT: Among  the  mechanical  stimuli  that  arise  in  the  tactile
interaction  between  finger  and  surface  during  the  tactile  exploration,
stimulating  the  mechanoreceptors,  Friction-Induced  Vibrations  (FIV)
play  a  fundamental  role  in  discriminating  the  surface  textures.
Although  it  is  well  known  that  vibrational  tactile  stimuli  strongly
depend on the characteristics of the explored textures, the correlation
between  the  different  FIV  features  (such  as  amplitude  and  spectral
distribution)  with  the  texture  perception  and  discrimination  is  still  an
open  field  of  research.  A  vibrotactile  rendering  device  has  been  here
used to replicate the FIV measured when exploring isotropic textures. A
sensory  campaign  has  been  conducted  on  10  participants  to
investigate  their  ability  to  discriminate  real  and  rendered  isotropic
textures,  while  the  reproduced  FIV  have  been  manipulated  and  altered  to  mislead  tactile  perception.  By  swapping  the  FIV
amplitudes measured from real textures, it has been observed that the participants discriminate the samples consistently with the
vibration amplitude.  The campaign has allowed to correlate the FIV amplitude and its  frequency distribution with the perceptual
results of the discrimination campaigns on real and mimicked textures.
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1  Introduction
Our  perception  of  the  surrounding  environment  is  mediated  by
five  sensory  channels,  i.e.,  the  five  senses.  Differently  from  the
senses  of  sight,  taste,  smell,  and  hearing  (relying  on  dedicated
organs),  the  sense  of  touch  relies  on  stimuli  that  come  from  the
entire  body  periphery  and  the  entire  musculoskeletal  system.
Moreover,  unlike  sight  and  hearing,  touch  requires  physical
interaction between the skin and the object to be perceived. Touch
is  thus  one  of  the  most  complicated  and,  to  date,  the  least
understood  of  the  five  senses.  To  date,  we  are  able  to  master
acoustic  and  sight  stimuli,  we  well  know  the  stimuli  underlying
them  (acoustic  and  electromagnetic  waves),  and  we  are  able  to
render them by devices of any sort, which are part of our everyday
life.  Contrarily,  despite  the  great  advancement  of  research  and
knowledge that is moving forward, the mechanisms behind touch
are  still  largely  obscure.  Efforts  to  better  comprehend  the
mechanisms  underlying  touch  are  then  being  carried  on  with  a
multidisciplinary approach, by a wide range of disciplines such as
Medicine,  Biology,  Neurosciences,  Psychology,  Engineering,
Biomechanics,  etc.  The  possibility  to  master  touch  could  have
ground-breaking social and technological implications in all fields

of  our  everyday  life,  reshaping  the  way  we  interact  with  external
virtual  or  real  environments.  Touch  takes  its  origin  by  the
interaction  between  the  body  and  the  explored  surface,  from
which static  and dynamic mechanical  signals  are generated,  such
as pressure, vibrations, temperature, etc. Such signals contribute to
stimulating different types of mechanoreceptors (such as Pacinian
corpuscles,  Ruffini  endings,  Meissner’s  corpuscles,  and  Merkel
disks)  contained  in  the  skin  [1].  Tactile  stimuli,  triggering  the
mechanoreceptors, are then encoded into electrical signals that are
transmitted  to  the  brain,  to  be  processed  and  decoded.  Different
open  lines  of  research  aim  to  understand  and  to  artificially
recreate touch mechanisms, focusing on different stimuli, such as
forces,  friction,  and  vibrations  [2–9].  The  role  of  friction  in
encoding  the  surface  characteristics  to  mediate  tactile  perception
has been widely investigated [10–15], and tactile rendering devices
based on friction coefficient  feedback are  numerous in  literature;
between the most noteworthy approaches there is the modulation
of  friction,  that  is  generally  achieved  by  electrostatic  [16–22]  or
ultrasonic  [23–26]  devices,  and  used  in  Ref.  [21]  to  relate  the
vibratory  signal  to  perceptual  outcomes.  Vibrational  feedback  in
touch  is  deeply  investigated,  as  well  as  replaying  vibrations
recorded  from  exploration  of  real  textures  [22].  In  Ref.  [27],  a

 

1 Department of Mechanical and Aerospace Engineering, Sapienza University of Rome, Roma 00185, Italy. 2 INSA Lyon, CNRS, LaMCoS, UMR5259, Villeurbanne
69621, France.

✉ Corresponding author. E-mail: livia.felicetti@uniroma1.it

Received: July 24, 2025; Revised: October 1, 2025; Accepted: November 19, 2025

© The  Author(s) 2026.  This  is  an  open  access  article  under  the  terms  of  the  Creative  Commons  Attribution  4.0  International  License  (CC  BY  4.0,
http://creativecommons.org/licenses/by/4.0/). 

Friction
Research Article

 

https://doi.org/10.26599/FRICT.2025.9441195
 

mailto:livia.felicetti@uniroma1.it
https://doi.org/10.26599/FRICT.2025.9441195


neural  network-based  model  for  haptic  texture  rendering  in  real
time  is  developed,  while  a  single-frequency  texel  rendering
method of fine textures is  presented in Refs.  [28, 29].  The results
presented  in  Ref.  [22]  highlighted  how  vibratory  magnitude
appeared  to  correlate  with  perceived  texture  roughness.  On  the
other  hand,  in  Ref.  [30],  the  authors  investigate  how  changes  in
the  amplitude  and  spatial  frequency  of  the  rendered  texture
translated into perceptual change by a magnitude estimation task.
The  perceptual  capacities  of  different  rendered  tactile  signals  are
evaluated as well, according to the fine and coarse textures, in Ref.
[31].  An  interesting  work  is  reported  in  Ref.  [32],  where  the
authors  investigate  the  effects  of  two  stimulation  modalities,
stretch  and  vibration,  on  natural  touch  sensation  on  the  volar
forearm.  According  to  the  duplex-theory  of  tactile  perception
[33, 34],  finer  textures  need  to  be  perceived  through  sliding
contact  between  skin  and  surface,  from  which  Friction-Induced
Vibrations  (FIV)  are  generated.  Vibrotactile  rendering  is
implemented  in  tactile  devices  [35–39],  exploiting  different
rendering  strategies  to  evoke  tactile  feeling  through  vibrations
generated  by  different  actuators  and  dynamic  exciters.  Devices
that  combine  different  tactile  feedbacks  or  integrate  different
sensory  feedbacks,  such  as  touch,  sight,  and  hearing,  appear  as
well  in  Refs.  [40–44].  This  research  is  collocated  into  the  line  of
research  investigating  the  role  of  friction-induced  vibrations  in
tactile  perception  and  discrimination  of  surface  textures.  Many
studies  have  shown  strong  correlations  between  induced
vibrations and tactile perception, and the role that these vibrations
have  in  encoding  the  topographic  characteristics  of  textures  of
different  types  (periodic  [45–47]  or  isotropic  [48–54],  fabrics
[55–58], etc.). Mechanical stimuli act as an intermediary between
the  characteristics  of  the  explored  surface  and  the
neuropsychological  response.  Contact  conditions  (sliding  speed
and  direction,  contact  forces,  etc.)  [52, 59–62]  and  finger
characteristics  (fingerprint  topography  and  depth,  skin  stiffness,
and moisture, etc.) [10, 26, 50, 63–66] also play a role in the tactile
interaction between finger and surface, resulting in specificities in
the mechanical  and dynamic response at  the contact.  Even more
specifically,  in  the  context  of  the  investigation  of  the  correlation
between  texture  topographies,  vibrational  stimuli  and  perception
of  textures,  recent  studies  [38, 45, 47, 49–51]  have  identified
different  key  features  of  FIV;  amplitude  and  frequency
distribution  play  a  prominent  role  in  the  discrimination  of
textures  with  different  surface  topographies:  from  such  studies,
fine  periodic  textures  resulted  to  be  mainly  discriminated  on the
basis  of  the  FIV  frequency  distribution  [38, 45, 47],  while  the
amplitude  of  the  FIV  drives  the  discrimination  of  isotropic
textures [49–51].

The present work aims to investigate further the role of FIV in
the  perception  and  discrimination  of  rigid  isotropic  textures,
exploiting,  for  this  purpose,  the  possibility  to  mimic  the  textures
by means of a vibrotactile device, called Piezotact [38]. This tactile
rendering device allows to replicate the FIV, previously measured
during  the  exploration  of  the  textures,  decoupling  and  isolating
them from the other mechanical  stimuli  generated at  the contact
between  finger  and  texture  (temperature,  static  and  quasi-static
skin  deformation,  etc.).  The  Piezotact  device  can  be  used  to
simulate and even alter specific FIV features (e.g., their amplitude
and their frequency distribution) in order to study their role in the
discrimination  of  specific  surface  topographies,  by  simulating
either  real  or  fake  textures,  with  desired  characteristics.
Discrimination campaigns  have  been conducted  with  volunteers.
In rendering the textures using the Piezotact device, the amplitude
of  the  FIV,  associated  with  pairs  of  samples,  has  been  swapped.
This  swap  allows  for  evaluating  whether  the  volunteers

discriminate  the  textures  consistently,  thus  corroborating  the
hypothesis  of  the  main  role  of  the  amplitude  of  FIV  in  the
discrimination of isotropic textures. The ability of the vibrotactile
device  to  alter  tactile  stimuli  may  have  important  technological
implications,  such  as  the  possibility  of  creating  and  testing  new
surface  textures,  specially  designed  and  capable  of  delivering  the
desired tactile sensations to the user.

2  Materials and method

2.1  Overall approach
The present work is focused on one hand to confirm the key role
of  the  FIV  amplitude  in  the  discrimination  of  isotropic  textures
[49, 50],  and on the  other  hand to  show how a  tactile  rendering
device,  such  as  the  Piezotact  [38],  can  be  used  as  a  tool  to  alter
specific  features  of  the  mechanical  stimuli  (here  the  FIV)  to
investigate  their  specific  role  in  tactile  perception  or  to  modify
perceived surface properties.

In  the  first  instance,  the  contact  forces  and  FIV  stimuli  have
been measured  when actively  exploring  a  set  of  isotropic  surface
samples, manufactured by moulding of glasspapers. The FIV have
been  analyzed  and  then  simulated  by  the  Piezotact  vibrotactile
device,  with  the  underlying  rendering  method  [38].  The  surface
samples, the test bench to measure the mechanical stimuli, and the
details  of  the  Piezotact  device  working  principle  are  described  in
Sections 2.2–2.4.

Then  a  sensory  campaign  was  carried  on  a  panel  of  10
volunteers,  with  the  protocol  detailed  in  Section  2.6,  on  the  real
textures and on the rendered textures by the Piezotact. The aim of
the discrimination campaign was to investigate the role of the FIV
amplitude  in  the  discrimination  of  isotropic  textures.  In  Refs.
[49, 50],  the  hypothesis  has  been  formulated  that  the  tested
isotropic  textures  are  discriminated  mainly  on  the  basis  of  the
amplitude  of  the  FIV  stimuli.  To  corroborate  this  hypothesis,
modified  signals  are  created  by  swapping  the  amplitude  of  the
measured  FIV  for  some  pairs  of  sample  surfaces.  The  signal
processing to obtain the “fake” textures is detailed in Section 2.5.
The  Piezotact  device  has  been  used  to  render  the  signal  of  these
“fake” textures  and  then  to  perform  discrimination  tests  to
evaluate whether the volunteers were induced to discriminate the
textures consistently with the amplitude swaps. Finally, the results
of  the sensory campaigns have been interpreted by analyzing the
FIV.

2.2  Surface samples
A  set  of  13  surface  samples,  denoted  Gi (i =  1,  …,  13),  and
characterized by isotropic topography was manufactured and
tested  in  this  study,  replicating  glasspapers  with  grit  ratings
ranging  from  P40  to  P4000  (Table  1).  The  surfaces  are
considered “isotropic” since  their  topographies  do  not  present
preferential  orientation  or  substantial  topographical  variations
with  the  scanning  directions.  Firstly,  silicon  (ELKEM  BLUESIL
RTV 3428) molds of the glasspapers were produced; then, epoxy
resin  (Prochima  E-30)  was  poured  into  the  silicon  molds.
Isotropic  surface  samples,  consisting  of  squares  of  50  mm2,  were
thus obtained (Fig. 1). The Sa roughnesses (with an L-Filter cutoff
wavelength  of  2.5  mm)  of  the  samples  reported  in Table  1 were
measured with a digital microscope VHX-7000 Keyence on areas
of 3 mm × 3 mm. Figure 1 shows the topographies of the samples.

2.3  Measurement  of  mechanical  stimuli  from  texture
exploration
Friction-induced vibrations (acceleration) and contact forces were
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measured during active tactile exploration of the isotropic samples
with  the  experimental  setup  in Fig.  2.  To  perform  the
measurements, the sample was fixed with double-sided tape on a
triaxial force transducer (Testwell K3D60) to monitor the contact
forces  exerted  during  the  surface  scanning.  An  accelerometer
(PCB 352A24, PCB Piezotronics Inc.)  was fixed with wax on the
nail  of  the  participant’s  index  finger  of  their  dominant  hand.
During  the  texture  exploration,  the  participant  maintained  a
contact  force  of  approximately  between  0.2  and  0.4  N,  and  a
finger/surface  angle  of  approximately  20°.  A  minimum  of  10
repetitions  of  the  same  exploratory  movement  of  the  finger
against  the  surface,  from  distal  to  proximal  direction,  were
measured  and  then  analyzed.  The  signals  from  the  transducers
were acquired by a  SIRIUSi  (DeweSoft)  DAQ system at  a  5  kHz
sampling  frequency  and  then  postprocessed  with  the  Matlab
(Mathworks) software. With this protocol, the FIV were measured
during the  exploration of  each isotropic  surface  belonging to  the
set described in Section 2.2 for each of the 10 participants involved
in the study.

2.4  Vibrotactile rendering device to mimic FIV stimuli
The  FIV  stimuli,  measured  during  the  exploration  of  isotropic
textures,  were  replicated  by  a  vibrotactile  rendering  device
[38, 49–51] (Fig.  4),  in order to carry out the sensory campaigns
object  of  this  work.  The  Piezotact  (Fig.  3)  device  consists  of  an
electro-active  polymer  (EAP)  piezoelectric  actuator  [67],  blocked
into a PLA support (produced by additive manufacturing), and its
driving  chain,  consisting  into  an  electronic  card  (Texas
Instruments  (TI)  DRV2667EVM-CT)  able  to  drive  the  actuator,
and  a  commercial  computer  used  to  send  the  desired  actuation
analogic signal to the TI card (Fig. 3). Vibrations along the normal
direction  to  the  actuator  plane  were  generated  and  can  be
perceived  by  placing  the  finger  on  the  actuator  surface.  To
replicate  the  FIV  measured  by  scanning  real  surfaces,  the  signal
sent as an input to the device needs to be accurately processed to
obtain a correct FIV rendering of the texture vibration on the user
finger.  For  this  purpose,  the  rendering  strategy  underlying  the
Piezotact  working  principle  is  based  on  the  experimental
characterization  of  the  overall  transfer  function  (TF)  of  the  bio-
electro-mechanic  system,  including  the  device  and  the  user’s
finger [38, 49, 50]. The transfer function is determined by sending
a  random  input  signal  to  the  device,  through  the  personal
computer (PC), and measuring the acceleration on the finger (by
an  accelerometer  on  the  nail),  which  is  in  contact  with  the
actuator.  The  transfer  function  is  computed  as  an  H1  estimator.

Then,  the  FFT  spectrum  of  the  FIV  signal,  measured  when
scanning  the  texture  (with  the  protocol  in  Section 2.3),  is
processed by dividing it by the overall system’s transfer function; a
new time signal  is  then  obtained  by  performing  an  Inverse  FFT,
which  is  sent  as  input  to  the  Piezotact  device  (Fig.  4).  Since  the
signal  is  re-multiplied  by  the  transfer  function  of  the  overall
system,  when  passing  through  it,  a  correct  FIV  rendering  is
achieved  by  the  device.  A  previous  study  [50]  showed  that  good
discrimination  results  can  be  obtained  by  using  an  average  TF,
calculated  as  average  of  the  participants’ specific  TFs,  to  process
the  FIV,  rather  than  using  the  specific  transfer  function  of  each
user. This solution is therefore adopted in the present study. More
details  of  the  development  and validation of  the  Piezotact  device
and  the  underlying  texture  rendering  strategy  can  be  found  in
Refs.  [38, 49–51].  The  device  is  capable  of  isolating  and
decoupling  vibrational  stimuli  (FIV)  from  other  tactile  stimuli,
enabling  an  in-depth  investigation  into  their  role  in  perception.
Sensory campaigns can be carried out by rendering the textures by
the  sole  FIV.  In  this  work,  the  device  is  used  as  well  to  alter
specific characteristics of the FIV signals.

2.5  Signal processing for FIV amplitude swaps
The  Piezotact  device  was  here  used  as  a  research  tool  to
appropriately manipulate the FIV signals. Fake textures were built
by  swapping  the  FIV  associated  with  pairs  of  isotropic  surface
samples, in terms of root mean square (RMS) amplitude, with the
following  signal  processing,  illustrated  through  an  example.
Figure 5(a) shows the FIV signals (accelerations) measured during
the tactile exploration of a pair of isotropic samples (G2 and G10),
while Fig.  5(c)  shows  their  respective  power  spectral  density
(PSD).  In  order  to  generate  the  fake  textures,  the  FIV  signals
belonging  to  the  pairs  of  samples  were  divided  by  the  value  of
their  own  RMS  amplitude,  and  then,  multiplied  by  the  RMS
amplitude  of  the  FIV  of  the  other  sample  belonging  to  the  pair
(Fig. 5(b) shows the swapped acceleration signals and Fig. 5(d) the
associated PSD). In the example, as a result of the processing, the
“G2  SWAPPED” (“G2  SW” in  brief)  signal  has  the  same  RMS
amplitude of the “G10”, and the “G10 SWAPPED” has the same
RMS of  the “G2”,  as  shown in Fig.  6.  With this  processing,  each
FIV signal, associated to a sample in the pair, has its own original
frequency  distribution,  but  the  RMS  amplitude  of  the  other
sample  belonging  to  the  pair  (Fig.  5(d)).  The  obtained  FIV,
swapped  in  terms  of  RMS  amplitude,  are  then  processed  to  be
rendered  by  the  Piezotact  device,  with  the  procedure  in  Section
2.4,  in  order  to  perform  the  discrimination  campaigns  (Section
2.6).

2.6  Discrimination campaign protocol
The  sensory  campaign  wwas  carried  on  10  participants  (9  males
and 1 female,  1 lefthander and 9 righthanders,  with ages ranging
between 21 and 46 years).

The campaign protocol was articulated in 3 tasks:
(1) discrimination of the real isotropic textures (task 1);
(2)  discrimination  of  the  rendered  isotropic  textures  by  the

Piezotact  device,  by  replicating  the  FIV  measured  during  the
exploration of the surfaces (task 2);

(3)  discrimination  of  the  rendered  isotropic  textures  by  the
Piezotact  device,  with  FIV  amplitude  swaps  for  some  pairs  of
samples (task 3).

The campaign was carried on using 6 sets composed by triplets
of  samples  selected  from  the  13  isotropic  textures.  The
composition  of  the  triplets  is  resumed  in Table  2.  The  third
column in Table 2 presents the 2 samples that have been swapped
in terms of  FIV RMS amplitude,  for  each set,  when rendered by

 

Table 1    Glasspaper  grit  ratings,  sample  denominations,  and  measured Sa

roughness

Glasspaper Sample name Sa (µm)

P40 G1 71.6
P60 G2 51.2
P80 G3 29.9

P120 G4 17.2
P180 G5 15.8
P240 G6 10.0
P400 G7 6.2
P600 G8 6.5
P800 G9 5.4

P1000 G10 4.0
P2000 G11 4.3
P2400 G12 4.0
P4000 G13 4.8
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the  Piezotact  in  order  to  perform  task  3.  During  the
discrimination  campaigns,  the  participants  were  equipped  with
scratched  spectacles  that  allowed  to  identify  the  shape  and  the
position  of  the  samples  but  not  the  texture,  and  noise-cancelling
headphones  to  avoid  acoustic  feedback  by  the  actuator.  No  time
limit  was  imposed  to  the  participants  to  perform  each
discrimination  test.  The  three  tasks  were  performed  with  a
protocol that is provided as follows.

Task  1  consisted  in  the  discrimination  of  the  real  isotropic
samples.  For  each  set  (triplet)  of  samples  in Table  2,  the

participant  was  asked  to  touch  and  explore  the  textures,  which
were  presented  in  a  random  order,  with  their  dominant  hand
index finger, and to acquire familiarity with the textures. Then the
volunteer was asked to sort the 3 samples from the roughest one
to  the  smoothest  one  (assigning  them  to  position  A,  B,  C,  as
illustrated  in Fig.  7(a)).  Once  the  participant  ranked  the  real
sample  textures  (assigning  them  A,  B,  and  C  positions,  see
Fig. 7(a)), the two following tasks concerned the discrimination of
the textures rendered with the Piezotact device.

Task 2 consisted in a discrimination of the rendered textures by

 

Fig. 1    Sample’s topographies obtained with a WHX 7000 Keyence digital microscope.
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the  Piezotact  device  (Fig.  7(b)),  by  replicating  the  corresponding
FIV  signals  obtained  by  scanning  of  the  real  surface  samples
(protocol in Sections 2.3 and 2.4). For each set of samples in Table 2,
the FIV associated to the 3  samples  were presented in a  random
order  to  the  participant  by  the  Piezotact  device.  The  participant
was asked to perceive the vibrations by touching the actuator and
to associate to each rendered FIV the corresponding real surface,
with  a  forced  choice  matching  protocol.  The  participant  was
allowed to perceive the sequence of  rendered textures more than

once  and  to  touch  the  real  samples,  to  compare  the  real  and
rendered textures,  during the discrimination test.  For each triplet
of  samples,  2  different  random  sequences  of  rendered  textures
were  proposed  to  each  participant,  i.e.  two  discrimination  tests
were  performed on each  sample  set  per  participant,  so  that  each
triplet  was  tested  20  times  in  the  entire  campaign  on  the  10
participants.

Task 3 consisted in a discrimination of the rendered textures by
the  Piezotact  device,  with  pairs  of  FIV swapped  in  terms  of  FIV
RMS amplitude,  using the signal  processing presented in Section
2.5. The protocol of the discrimination campaign was identical to
the protocol  of  task 2;  i.e.,  for  each triplet  a  random sequence of
rendered  textures  by  the  Piezotact  was  proposed  to  the
participant, who was asked to associate to each perceived vibration
the  corresponding  real  texture.  The  swapped  pairs  of  samples  in
terms  of  FIV  amplitude  for  each  set  are  listed  in  column  3  of
Table  2.  As  before,  2  different  sequences  per  triplet  have  been
proposed to each participant.

Tasks  2  and  3  have  been  randomly  counterbalanced  across
participants  and  sample  sets  to  prevent  the  sensory  campaign
from being affected by the order of the tasks.

 

Fig. 2    Experimental setup to measure mechanical stimuli during texture exploration.

 

Fig. 3    Piezotact tactile rendering device.

 

Fig. 4    Scheme of the rendering methodology based on the overall transfer function characterization, including an example of verification of FIV correct rendering by the
Piezotact device, obtained by comparing the FIV spectra measured by scanning a real texture (sample G5) and the rendered FIV spectra with the device.
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Confusion matrices have been used to analyze the results of the
discrimination  campaigns.  The  sequence  of  the  samples  is
arranged on the two axes  (on the abscissa  the presented samples

to the participants and on the ordinate for the declared answers by
the participants), so that the correct discriminations of the samples
lie  on  the  main  diagonal  of  the  matrix,  while  the  discrimination
errors  lie  outside  the  diagonal.  The  association  percentages  are
calculated  as  the  ratio  between  the  number  of  times  that  an
association  is  declared  by  the  participants  and  the  number  of
times that the sample is presented to the participants in the whole
discrimination test (multiplied by 100 to obtain a percentage). As
regards  the  campaign  of  discrimination  of  textures  rendered  by
Piezotact with swaps of FIV amplitudes (task 3), the sequences of
the  samples  on the  axes  are  arranged so that  samples  having the
same  FIV  RMS  amplitude  match  on  the  main  diagonal;  in  this
way  the  associations  that  confirm  the  hypothesis  that  the
discrimination  of  isotropic  samples  is  correlated  with  the  FIV
RMS amplitude lie on the main diagonal in task 3.

The  obtained  data  were  statistically  analyzed  by  the  XLSTAT
software.  In  task  1,  i.e.,  the  ranking  of  the  real  textures  from the
roughest  to  the least  rough,  a  two-tailed Wilcoxon sign rank test
(non-parametric  test)  for  paired  data  (all  tests  were  obtained  by
the  same  participants)  was  performed  for  each  pairwise
combination  within  each  sample  set  (triplet),  considering
significant at level α = 0.05, with n = 10. For tasks 2 and 3, i.e., the
discrimination  of  simulated  textures,  the  Wilcoxon  signed  rank
test  (with n =  20)  was  used  to  test  whether  volunteers’ scores
(number of correct/expected answers) were significantly above the
chance level. The chance level was computed as the expected value
of  the  correct  matching  of  3  samples  for  a  forced  choice  test
without  repetitions,  which  is  the  protocol  of  the  discrimination
test in tasks 2 and 3; the possible permutations of 3 elements are
3! = 6,  and the expected value of the matching distribution (0,  1,
or  3  correct  answers)  by  chance  is  equal  to  1.  The  upper-tailed
Wilcoxon  sign  rank  test  for  paired  data  was  performed  on  each

 

Fig. 5    Examples of swap of FIV of two surfaces based on FIV RMS amplitude: (a) FIV measured on the real surfaces; (b) FIV with amplitude swaps; (c) PSDs of FIV
measured on the real surfaces; (d) PSDs of FIV with amplitude swaps.
 

Fig. 6    Examples of values of FIV RMS amplitudes associated with the original
and swapped signals for a pair of samples.

 

Table 2    Used  sets  of  samples  for  the  discrimination  campaign.  The  thirst
column  shows  the  swapped  pairs  of  samples,  in  terms  of  FIV  amplitude,  for
task 3

Set Sample Swapped sample
Set 01 G2, G7, G10 G2, G10
Set 02 G5, G8, G11 G5, G11
Set 03 G1, G6, G13 G1, G13
Set 04 G4, G9, G12 G4, G12
Set 05 G3, G10, G11 G3, G10
Set 06 G8, G9, G13 G8, G13
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sample  set,  significant  at  level α =  0.05.  The  tested  alternative
hypothesis  (Ha)  was  that  the  median  of  the  distribution  of  the
correct answers, provided by the participants for each sample set,
exceeds the expected chance level, theoretically set at 1 (median >
theoretical median = 1, n = 20).

3  Results and discussion
In  this  section,  the  results  of  the  overall  sensory  campaign,
performed  on  10  volunteers  and  for  all  tasks,  concerning  the
discrimination of real and rendered textures are presented. Then,
the results of the sensory campaign are analyzed, interpreted, and
discussed  in  relation  to  the  tactile  mechanical  stimuli  measured
during the tactile exploration.

3.1  Results of sensory campaign

3.1.1  Discrimination of real textures (task 1)

The  results  of  the  discrimination  campaign  of  the  real  isotropic
textures (task 1), for the 10 involved participants, are presented in
Fig. 8. In this task, for each set of samples, volunteers were asked
to sort the samples from the roughest to the least rough. Overall,
the discrimination of real textures by the participants confirms the
sequence of samples in Table 1. Most of the discrepancies between
the sequences chosen by the participants and the reference order
of  the  samples  (corresponding  to  the  grit  ratings  in Table  1)  are
found in the sets 05 and 06, affecting the smoothest samples (from

G8  to  G13).  On  the  contrary,  in  sets  01  to  04  no  discrepancy  is
found between the participants’ answers and the sequence chosen
as  a  reference,  evidenced  by  the  percentages  of  100%  located  on
the  diagonals  of  the  confusion  matrices.  In  set  05  most
participants judged the G10 sample to be less rough than the G11
sample (70% association). In set 06, although high percentages of
association (greater  than 70%) are  located on the  main diagonal,
testifying  to  a  correspondence  between  the  perception  of  the
roughness of the textures by the participants and the grit ratings of
the  samples,  some  associations  with  lie  outside  the  diagonal;  the
sequence  of  samples  G8,  G9,  and  G10  has  not  been  uniformly
sorted  by  the  participants.  Overall,  most  perceptual  non-
uniformities  are  related  to  the  samples  from  G8  to  G13.  The
Wilcoxon analysis revealed significant differences (p-value < 0.05)
for  each  pairwise  sample  combination  within  sets  01,  02,  03,  04
(Z = −3.162, p =  0.002,  and n =  10).  In  set  05,  the  sample  pairs
G3–G10  and  G3–G11  (Z = −2.919, p =  0.004, n =  10)  showed
significant  differences  (p-value  <  0.05),  while  the  sample  pair
G10–G11  (ZG10,G11=  1.265, pG10,G11 =  0.206,  and n =  10)  did  not
show  statistically  significant  differences  (p-value  >  0.05).
Nevertheless, the median of the participants’ answers revealed that
sample G11 was judged rougher than sample G10.  In set  06,  the
sample pairs G8–G13 (ZG8,G13= −2.495, pG8,G13 = 0.013, and n = 10)
and  G8–G9 (ZG8,G9= −2.530, pG8,G9 =  0.011,  and n =  10)  showed
significant  differences  (p-value  <  0.05),  while  the  sample  pairs
G9–G13  (ZG9,G13= −1.008, pG9,G13 =  0.313, n =  10)  were  not
significantly different (p-value > 0.05). The median values showed

 

Fig. 7    Participant performing a discrimination test (a) on the real textures, i.e., task 1, and (b) on the rendered textures by the Piezotact device, i.e., task 2 or task 3.

 

Confusion matrices: task 1, discrimination of real textures

Set 01 Set 02 Set 03

G10 0% 0% 100% G11 0% 0% 100% G13 0% 0% 100%

G7 0% 100% 0% G8 0% 100% 0% G6 0% 100% 0%

G2 100% 0% 0% G5 100% 0% 0% G1 100% 0% 0%

G2 G7 G10 G5 G8 G11 G1 G6 G13

Presented Presented Presented

Set 04 Set 05 Set 06

G12 0% 0% 100% G11 0% 70% 30% G13 20% 0% 80%

G9 0% 100% 0% G10 0% 30% 70% G9 10% 70% 20%

G4 100% 0% 0% G3 100% 0% 0% G8 70% 30% 0%

G4 G9 G12 G3 G10 G11 G8 G9 G13
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Fig. 8    Results of discrimination campaign of real textures (task 1).
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a decreasing roughness judgment from sample G8 to sample G13
in set 06.

3.1.2  Discrimination of rendered textures (task 2)

The  results  of  the  discrimination  campaign  of  the  rendered
textures,  simulated  by  the  Piezotact  device  (task  2),  for  the  10
involved  participants,  are  presented  in Fig.  9.  In  this  task,
participants were asked to associate the textures rendered with the
device  to  the  corresponding  real  samples;  the  textures  were
rendered  by  replicating  the  FIV  measured  during  the  active
exploration  of  the  samples  (protocol  in  Section 2.6).  The
associations located on the main diagonals of the matrices (Fig. 9),
in this task, represent the correct association between the textures
rendered by FIV with the Piezotact device and the corresponding
samples  (previously  classified  by  the  participants)  that  have
generated  the  FIV  through  active  exploration.  Overall,  excellent
performances  are  achieved  by  the  participants  in  associating  the
rendered  FIV  stimuli  and  the  corresponding  real  surfaces,
evidenced by the high percentages located on the main diagonals
of the matrices. In sets 02 and 04, some discrimination errors are
found,  but  with  low  association  percentages.  Most  of  the
discrimination  errors  with  higher  association  percentages  are
found in  sets  05  and 06,  associated  with  the  least  rough samples
(from  G8  to  G13),  coherently  with  results  obtained  in  task  1.  In
particular,  in  set  05,  the  G3  sample  is  always  correctly
discriminated,  while  the  G10  and  G11  samples  are  sometimes
confused.  For  all  the  6  sample  sets,  a p-value  <  0.05  is  found,
indicating  that  the  alternative  hypothesis  (Ha)  of  the  Wilcoxon
test  must  be  accepted.  This  means  that  participants’ responses
were significantly above the chance level for all sample sets.

3.1.3  Discrimination  of  rendered  textures  with  FIV  amplitude
swaps (task 3)

For the 10 involved participants, the results of the discrimination
campaign of the rendered isotropic textures simulated introducing
the FIV RMS amplitude swaps (Table 2) are presented in Fig. 10.
In this task, textures were rendered by swapping FIV in terms of
RMS  amplitude  for  the  specific  pairs  of  samples.  Let  us  keep  in
mind that in the confusion matrices, shown in Fig. 10, the samples

are arranged on the axes so that the rendered textures having the
same  FIV  RMS  amplitude  match  on  the  principal  diagonal.
Overall, high percentages of association are localized, for almost all
sets,  on the main diagonal  of  the confusion matrices,  confirming
the  hypothesis  that,  by  swapping  the  amplitudes  of  the  induced
vibrations, the volunteers are misled and induced to discriminate
such rendered textures consistently  with the amplitude swaps.  In
Fig.  10,  it  is  possible  to  observe  that  the  overall  trend  of  texture
discrimination in task 3 (Fig. 10) for sets 05 and 06 agrees with the
one  found  in  task  2  (Fig.  9).  In  fact,  in  set  05,  most  of  the
unexpected  associations  concern  samples  G11  and  G3  SW
(having  the  same  RMS  amplitude  of  G10).  This  agrees  with  the
confusions  between  G10  and  G11  in  task  2  (Fig.  9).  In  set  06
several discriminations errors occurred in task 3 (Fig. 10), even if
the  percentages  of  expected  associations  on  the  main  diagonal
were  still  high,  in  agreement  with  the  discrimination  in  task  2
(Fig. 9). This is also in agreement with the results of task 1 on the
real  textures  discriminations  (Fig.  8),  where  it  was  found  that
samples from G8 to G13 were difficult to discriminate. As in task
2, also in task 3 some discrimination errors occurred in set 02 and
in  set  04.  In  set  04,  some  errors  occurred  in  task  3  between
samples  G9  and  G4  SW  (having  the  same  RMS  amplitude  as
G12).  This  reflects  the  confusion  that  occurred  between  samples
G9 and G12 in task 2 (Fig.  9),  confirming the matching between
the FIV RMS amplitude and the texture discrimination. It can be
observed  that,  overall,  better  discrimination  performance  is
achieved  in  task  2,  where  the  textures  are  rendered  by  FIV  by
conserving  the  original  amplitude  and  frequency  distribution  of
the  FIV  measured  when  exploring  the  samples,  than  in  task  3,
where  the  rendered  FIV  have  their  original  frequency
distributions  but  altered  amplitudes.  This  may  suggest  that,
although  amplitude  turns  out  to  be  the  key  parameter  for  the
discrimination of isotropic textures,  a role may also be played by
frequency distribution; it is always necessary to keep in mind that
all  the  parameters  associated  with  mechanical  stimuli  contribute
to  tactile  perception,  although  it  is  possible  to  identify,  in  some
cases,  one  driving  parameter,  that  has  a  greater  influence  on
perception  and  discrimination  than  others.  Overall,  excellent
agreement is found in the results of the three discrimination tasks

 

Confusion Matrices: task 2, discrimination of rendered textures

Set 01 Set 02 Set 03

G10 5% 95% G11 0% 5% 95% G13 0% 0% 100%

G7 95% 5% G8 5% 90% 5% G6 0% 100% 0%

G2 100% G5 95% 5% 0% G1 100% 0% 0%

G2 G7 G10 G5 G8 G11 G1 G6 G13

Presented Presented Presented

Set 04 Set 05 Set 06

G12 0% 10% 90% G11 0% 25% 75% G13 10% 5% 85%

G9 0% 90% 10% G10 0% 75% 25% G9 20% 65% 10%

G4 100% 0% 0% G3 100% 0% 0% G8 65% 30% 5%

G4 G9 G12 G3 G10 G11 G8 G9 G13
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Fig. 9    Results of discrimination campaign of rendered textures with the Piezotact device (task 2).
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on  real  and  rendered  (without  and  with  amplitude  swaps)
textures,  since  the  most  frequently  occurring  errors  involve  the
same samples and the same sets, set 05 and set 06, in all the three
tasks.  As  found  in  task  2,  the  Wilcoxon  test  revealed  that  the
sample  matching  provided  by  the  participants  was  above  the
chance  level  for  each  tested  sample  set.  In  the  following  section,
the results of the overall  sensory campaign are interpreted by the
analysis of the corresponding FIV stimuli.

3.2  Interpretation of sensory campaigns by FIV analysis
For  each  volunteer,  the  FIV  for  the  13  isotropic  samples  were
measured  by  active  touch  using  the  protocol  in  Section  2.3.  For
each surface sample, the FIV measured for 10 active strokes of the
finger  on  the  surface  were  analyzed  for  each  volunteer,  and  an
average RMS FIV amplitude between the 10 analyzed strokes was
computed.  Then,  for  each  sample  texture,  an  average  FIV  RMS
amplitude among the 10 volunteers was computed; the FIV RMS
values  are  shown  in Fig.  11 with  their  standard  deviations.
Samples from G1 to G7 have very different FIV RMS amplitudes,
with  a  well-defined  decreasing  trend  as  the  texture  roughness
decreases.  These  surfaces  were  always  correctly  discriminated  by
the  participants  in  the  discrimination  task  of  the  real  textures

(Fig. 8) for all the tested sets; i.e., the roughness judgement was in
agreement  with  both  the  effective  roughness  of  the  samples
(Table  1)  and  the  amplitude  of  the  FIV  (Fig.  11).  For  the  same
textures  (from  G1  to  G7),  almost  no  discrimination  errors
occurred  as  well  in  the  discrimination  tasks  of  textures  rendered
by  the  Piezotact  device.  On  the  contrary,  the  average  FIV  RMS
amplitudes for samples G8 and G9 resulted to be equal (Fig. 11).
The FIV RMS was very similar for samples from G10 to G13. This
agrees  as  well  with  the  measured  roughness  scale,  as  shown  in
Table 1, since samples from G10 to G13 have very close Sa. These
samples  (from  G8  to  G13)  have  often  been  confused  in  all
discrimination  tasks.  Specifically,  in  task  1  concerning  real
textures,  all  discrepancies  between  the  roughness  judgement  by
the participants and the order of the glasspapers concern textures
from G8 to G13 (set 05 and set 06).

A  more  in-depth  analysis  was  conducted  by  comparing,  for
each  set  of  samples,  the  FIV RMS amplitudes  for  each  of  the  10
volunteers.  The  textures  that  were  never  confused  with  the
discrimination  of  real  textures  (task  1)  show  well-defined  trends
and  well  different  FIV  RMSs  for  almost  all  participants:  An
example (set 03) is shown in Fig. 12(a). On the contrary, in task 1,
all  the  discrimination  errors  concerned  sets  05  and  06,  in

 

Confusion matrices: task 3,

discrimination of rendered textures with FIV RMS amplitude swaps

Set 01 Set 02 Set 03

G10 0% 0% 100% G11 0% 25% 75% G13 0% 0% 100%

G7 0% 100% 0% G8 10% 65% 25% G6 0% 100% 0%

G2 100% 0% 0% G5 90% 10% 0% G1 100% 0% 0%

G10 SW G7 G2 SW G11 SW G8 G5 SW G13 SW G6 G1 SW

 (G2)  (G10)  (G5)  (G11) (G1)  (G13)

Presented Presented Presented

Set 04 Set 05 Set 06

G12 0% 20% 80% G11 0% 40% 60% G13 10% 20% 70%

G9 0% 80% 20% G10 0% 60% 40% G9 5% 75% 20%

G4 100% 0% 0% G3 100% 0% 0% G8 85% 5% 10%

G12 SW G9 G4 SW G10 SW G3 SW G11 G13 SW G9 G8 SW

 (G4)  (G12)  (G3)  (G10)  (G8)  (G13)
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Fig. 10    Results of discrimination campaign of rendered textures with the Piezotact device with FIV RMS amplitude swaps of pairs of samples (task 3).

 

Fig. 11    FIV RMS amplitude by active touch of the 13 isotropic textures. For each texture, an average RMS amplitude among all the participant’s FIV (10 strokes for each
participant) is shown.

Understanding and misleading texture perception by rendering vibrational tactile stimuli 9441195-9

https://doi.org/10.26599/FRICT.2025.9441195
 

https://doi.org/10.26599/FRICT.2025.9441195


agreement  with  the  FIV  RMS  amplitudes  shown  in Figs.  12(b)
and 12(c). In particular, in set 05, the G3 sample was always sorted
as the roughest by all participants, while the G10 and G11 samples
had a 70% classification of the G11 as rougher than the G10; this
is reflected by FIV, whereby the G10 and G11 samples have very
close RMS amplitudes for all participants, well different from G3,
as  it  can  be  seen  in Fig.  12(b).  In  set  06,  several  inversions
occurred  in  the  discrimination  of  real  surfaces.  For  almost  all
participants,  the  FIV associated with the  G8 and G9 samples  are
very  close,  while  the  G13  sample  generally  has  a  slightly  lower
amplitude,  but  the  trend  is  not  entirely  uniform  among  the
participants.  In general,  from the analysis of the 3 discrimination
tasks, starting from sample G8 to G13 there is a non-uniformity in
the  discrimination  and  in  the  roughness  clustering  between  the
participants  (Figs.  8−10); Fig.  12 confirms  that  no  well-defined
trends can be observed when the FIV of different samples present
similar amplitudes.

Figure 13 shows the PSD of the measured FIV, which was then
rendered by the Piezotact device in order to perform tasks 2 and 3,
for 2 different volunteers who took part in the sensory campaign,
taken  as  an  example.  Overall,  for  the  different  volunteers,  by
comparing the FIV associated with the different surface samples, it
is  possible  to  highlight  that  the  FIV  show  a  similar  frequency
distribution,  while  the  characteristic  that  varies  most  from  one
surface  sample  to  another  is  the  amplitude  of  the  vibrations.  In
general, the amplitude of the vibrations decreases as the roughness
of  the  samples  decreases.  This  observation  confirms  that  the  key
parameter  for  the  differentiation  of  isotropic  textures  is  the  FIV
amplitude rather than their frequency distribution.

When  considering  differences  between  subjects,  although  the
vibrations  qualitatively  present  the  same  trend  for  different
volunteers,  they  have  very  different  amplitudes  from one  subject
to another. This can be due to the different sliding speeds adopted
by  the  participants  to  actively  scan  the  textures,  the  different

 

Fig. 12    FIV RMS amplitudes for all 10 participants for surface samples belonging to set 03, set 05, and set 06 (the y-scales in (a), (b), and (c) are different for readability of
the graphs).
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characteristics of the participants’ fingers (moisture, skin elasticity,
sebum  formation,  fingerprint  characteristics,  etc.),  the  small
variations  in  the  contact  boundary  conditions  such  as
finger/surface inclination and contact force, etc.

Figure  14 shows  the  PSD  of  the  FIV  measured  for  the
smoothest  samples,  G8,  G9,  G10,  G11,  G12,  G13,  for  2  different
volunteers.  The  spectra,  for  these  samples,  and  even  more
particularly for samples from G10 to G13, are very similar, both in
terms  of  amplitude  and  frequency  distribution.  It  is  no  longer
possible to appreciate a trend of decreasing vibration amplitudes,
with  respect  to  the  glasspaper  grit  rating,  in  agreement  with  the
RMS analysis in Figs. 11 and 12. This contributes to explaining the
errors  and  difficulties  occurred  in  the  discrimination  of  the
smoothest  samples  (from  G8  to  G13)  in  all  the  discrimination
tasks.

A more in-depth analysis has been carried out on the spectra of
vibrations  replicated  by  Piezotact  for  individual  volunteers.  In
particular, in the discrimination of rendered textures (tasks 2 and
3)  the  presence  of  some  discrimination  errors  that  were  not
present  in  the  discrimination  of  real  textures  has  been  observed,
which affected sets 02 and 04. By analyzing the specific spectra of
the  volunteers,  it  is  possible  to  explain  the  greatest  part  of  the
errors that occurred in sets 02 and 04 by means of the FIV spectra.
In particular, some volunteers committed discrimination errors in
task  3,  concerning  the  discrimination  of  rendered  textures  with
swaps of FIV amplitudes for pairs of samples, while they correctly
discriminated  the  same  pairs  of  samples  in  task  2  (without  FIV
amplitude swaps). It is found that, for these volunteers, the process
of swapping of the amplitudes of FIV, based on the sole RMS, led

to  some  spectral  modifications  that  explained  the  discrimination
errors  in  task  3.  An  illustration  is  given  in Fig.  15.  Set  04  is
composed by samples G4, G9 and G12, to perform task 2, and by
samples  G4  SW  (with  G12),  G8  and  G12  SW  (with  G4),  to
perform  task  3. Figure  15(a)  depicts  all  the  5  spectra  obtained
when rendering the set 04, for the volunteer taken as an example.
Figure  15(b)  shows  the  comparison  between  the  PSD  spectra  of
G8  and  G12,  used  to  perform  task  2,  showing  higher  amplitude
components  for  almost  all  the  spectra  for  G8,  compared to  G12;
consistently, the volunteer correctly discriminated such samples in
task  2. Figure  15(c)  illustrates  the  spectra  G8 and G4 SW (G12),
where  G4  SW  (G12)  has  the  frequency  spectral  distribution  of
sample  G4  but  the  FIV  RMS  amplitude  of  G12.  G4  SW  shows
significantly  larger  low-frequency  components  than  G8,  which
explains why the volunteer swapped the two associated textures in
task 3. Although the RMS amplitude is equal for G12 and G4 SW,
their  frequency  distribution  is  definitely  different,  and  this  has
played  a  role  in  the  discrimination  of  the  rendered  textures.  It
should  be  kept  in  mind  that  tactile  perception  is  a  result  of  the
simultaneous  sensation  and  elaboration  of  several  stimuli,
including  several  features  that  are  more  or  less  related  to  the
surface  features.  The  results  presented  in  this  work  support  the
hypothesis that the parameter that most affects the differentiation
and discrimination of the isotropic textures, tested in this work, is
the  average  amplitude  of  FIV.  However,  the  presented  analysis
shows  that  the  frequency  distribution  of  the  FIV  plays  a  role  as
well  in  the  discrimination,  especially  for  fine  textures.  Moreover,
fine  and  coarse  textures  can  be  related  to  different  perception
mechanisms  [33],  and  different  mechanoreceptors  bring

 

Fig. 13    PSDs of FIV measured by the active scanning of the 13 isotropic textures, and then rendered by the Piezotact, for 2 different volunteers (the y-scales in (a) and (b)
are different for readability of the plots).

 

Fig. 14    PSDs of FIV for 2 different volunteers, associated with active scanning of smoother samples G8, G9, G10, G11, G12, G13 (the y-scales in (a) and (b) are different
for readability of the plots).
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information on both spatial and temporal codes [9]. Nevertheless,
the  overall  results,  found  with  the  specific  set  of  tested
topographies  having  similar  spectrum  distribution,  corroborate
the role of the FIV amplitude as well. The FIV features have been
modulated  here  to  modify  the  texture  perception,  by  modifying
the main driving parameters for their discrimination.

4  Conclusions
In the present work, a vibrotactile rendering device has been used
to mimic tactile stimuli for perception of isotropic textures and to
mislead texture perception by manipulating the simulated stimuli.
FIV  have  been  measured  during  the  exploration  of  the  isotropic
sample  textures  and  rendered  using  the  Piezotact  device.  A
sensory  campaign  has  been  carried  out  on  10  volunteers,  which
involved a task of discrimination of real textures and two tasks of
discrimination of  textures  rendered by Piezotact,  replicating only
the FIV stimuli. A first task of discrimination of rendered textures
has been carried out by replicating the FIV measured during the
exploration  of  the  textures.  The  second task  of  discrimination  of
rendered  textures  has  been  carried  out  with “fake” textures
obtained  by  manipulating  the  measured  FIV,  where  the  RMS
amplitudes  of  the  FIV  have  been  swapped  for  some  pairs  of
samples.  The  results  showed  that  by  swapping  the  amplitude  of
the  FIV stimuli  the  volunteers  were  misled  and  were  induced  to
discriminate the textures consistently with the FIV amplitude. The
results  of  the  sensory  campaign  have  been  then  analyzed  and
interpreted  in  correlation  with  the  FIV,  which  allowed  us  to
explain almost all the results of the discrimination of both real and
simulated  textures.  Samples  that  have  been  often  confused  by
volunteers  had  very  close  FIV  RMS  amplitudes,  while  samples

that  have  been  correctly  discriminated  had  definitely  different
induced vibration amplitudes.

It  should  be  kept  in  mind  that,  for  the  present  analysis,
isotropic  surfaces  with  similar  large  band  spectrum  distributions
have  been  used.  This  specific  feature  allows  for  highlighting  the
role  of  the  FIV  amplitude  when  interacting  with  such  isotropic
surfaces. In a previous work [38], surfaces with periodical textures
were  tested,  highlighting  a  dominant  role  of  the  frequency
distribution.  It  is  expected  that,  when  exploring  natural  surfaces
with  more  complex  spectral  distribution,  as  reported  in  Refs.
[8, 54],  both  the  parameters  play  a  role  in  the  discrimination
process.

In  addition,  the  results  of  the  discrimination  campaign  of
rendered  textures,  with  and  without  FIV  RMS  swaps,  have  been
explained  by  means  of  FIV  spectra,  corroborating  the
predominant role of FIV amplitude, but also highlighting a role of
spectral  distribution,  albeit  less  preponderant  for  the  tested
surfaces. This has been possible thanks to the innovative approach
of using the tactile devices to replicate the vibrations measured by
the  exploration  of  the  textures  and  to  appropriately  alter  their
amplitude  and  frequency  distribution  features,  in  order  to  create
new, virtually perceived textures.
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