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A B S T R A C T   

The world of haptics, tactile rendering of textures and tactile interfaces has witnessed significant expansion in the 
last years. When dealing with the design of tactile devices, the interaction between the device and the user’s 
finger becomes crucial. With a focus on optimizing vibrotactile devices for texture rendering, a parametric 
analysis of the dynamic transfer function of the human finger was conducted under different test conditions. 
Discrimination campaigns have been conducted, exploiting an average transfer function among participants, to 
simulate surface textures by Friction-Induced Vibrations. The excellent results of the discrimination campaigns 
evidenced the effectiveness of the approach, allowing to get rid of the need to characterize the specific finger 
Transfer Function for each user of the vibrotactile device.   

1. Introduction 

In the vast panorama of sensory experiences that connect us to the 
external world, the sense of touch remains one of the most enigmatic and 
least comprehended. For decades, we have conquered the mastery of 
acoustic and sight stimuli, navigating the world of pressure and elec-
tromagnetic waves. Acoustic and visual interfaces have been integrated 
into our daily lives, becoming indispensable companions in our modern 
world, while, on the contrary, understanding the intricate mechanisms 
of tactile perception continues to elude our complete grasp. Artificially 
recreating touch, through tactile rendering of surfaces and textures, 
would allow to interact with virtual environments, feel the intricate 
details of fabrics and objects from a distance, or revolutionize surgical 
and tactile rehabilitation procedures through tactile feedback. Such 
advancements in haptics and tactile rendering could have a very strong 
social and technological impact, reshaping our perception of the world 
and the human-machine interfaces. Nevertheless, touch involves a 
complex interplay of the musculoskeletal sand proprioception systems, 
and it encompasses a wide range of mechanical stimuli, including forces, 
friction, vibrations, and temperature, among others, activating 
numerous types of mechanoreceptors. 

In recent years, the development of tactile rendering devices has 
surged, exploring a variety of devices whose tactile feedback is based on 

different mechanical signals such as forces and vibrations [1–5]. Tactile 
devices utilizing modulation of friction have emerged as some of the 
most common approaches in this domain, based on different principles, 
mainly ultrasonic vibrations [6–12] and electro-vibrations [13–18]. In 
fact, friction has emerged as one of the most important mechanical 
stimuli (along with vibrations) in the mechanisms underlying tactile 
perception [6–8]. In the panorama of the most common rendering 
techniques stands also vibrotactile rendering, which is achieved by 
evoking tactile sensations through vibrations generated by different 
actuators and dynamic exciters [19–23]. A further objective is to 
combine various tactile feedback mechanisms, such as vibrotactile and 
friction modulation, into a singular device to fully simulate touch in its 
entirety. Ongoing efforts are underway to achieve this integration to-
ward immersive tactile feedback [24–26]. When dealing with tactile 
devices, in most studies the contact between the user’s finger (or hand) 
and the tactile device is mediated by a rigid tool or an object, both in the 
measurement phase and in the tactile rendering one [20,22–24,27,28]. 
In other studies, the user’s finger is in direct contact with the device 
[29–31]. 

The sense of touch, by its nature, relies on the physical interaction 
with the object being explored. This principle holds true for tactile 
rendering as well, where the interaction between the tactile device and 
the user’s finger plays a crucial role in designing effective systems. 
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Understanding and considering this essential aspect is a necessary step 
to develop tactile devices that can faithfully replicate touch. In this 
context, when mimicking the vibrational stimuli, it is of utmost impor-
tance to consider the dynamic response of the finger during its inter-
action with the device. By accounting for these dynamic aspects, 
designers could ensure the device delivers a realistic and immersive 
tactile experience, enhancing its usability and effectiveness in providing 
meaningful tactile feedback to the user. 

In [13] the interaction between finger and touchscreen in a tactile 
device based on electro-adhesion has been investigated, evaluating the 
variation of the contact area and the friction coefficient at the interface. 
In [32] the finger transfer function has been characterized to investigate 
the vibration-induced injuries incurred by manual workers. In [33] a 
non-linear viscoelastic model of human fingertip tissue has been 
experimentally tested to describe the trend of finger impedance, in order 
to understand how the force is transmitted in the fingertip and thus 
predict the stimulation of mechanoreceptors. In [34] the finger transfer 
function has been characterized by a dynamic exciter and used to 
reproduce the signals of Friction-Induced Vibrations (FIV) measured on 
textured surfaces. In [19] the frequency response of the used device and 
finger pad has been characterized and used to correct the signal in 
vibrotactile rendering. In [35] the transfer function of the human finger 
has been characterized to obtain the tangential skin deformation while 
exploring surfaces with different textures. 

On another hand, when considering texture rendering, the duplex 
theory of tactile perception identifies two distinct pathways for 
discrimination of textures: fine textures are perceived and discriminated 
through high-frequency vibrational stimuli generated by sliding contact, 
whereas for coarse textures quasi-static contact is sufficient [36–39]. 
This fundamental differentiation has spurred extensive research into 
Friction-Induced Vibrations (FIV) and their intricate relationship with 
tactile perception of fine textures, encompassing both descriptive and 
hedonistic aspects [40,41]. Numerous studies have explored FIV and 
their relevance in discriminating various textures with diverse topog-
raphies, ranging from periodic and isotropic textures [30,31,34,40–42] 
to textiles [43–46] and beyond [36,47–50], depending as well on the 
contact boundary conditions (sliding velocity, load etc) [51–53]. Addi-
tionally, researchers have delved into the brain’s response to mechanical 
stimuli [10,54–56], further enhancing our understanding of the complex 
interplay between sensory inputs and cognitive processing in tactile 
perception. 

The PIEZOTACT device, developed in previous works [30,31], is 
employed in the present study and relies on a vibrotactile texture 
rendering approach. It aims to artificially recreate the tactile sensation 
of fine surface textures by vibrational stimuli, wherein induced vibra-
tions have been identified as one of the most significant cues for 
discrimination and perception. Despite its importance in tactile 
perception, the role of friction is not investigated in this work, which is 
specifically focused on the rendering of the sole vibrational stimuli 
arising from the exploration of different textures of similar material 
samples. 

With the goal to enhance vibrotactile rendering devices, a parametric 
study of finger transfer function on a large panel of participants, varying 
normal force and finger-surface angle during contact, is here performed. 
The finger transfer functions are compared across participants and test 
conditions, revealing minimal differences and allowing calculate an 
average transfer function to be used as a unique input, participant and 
condition independent, for the tactile device. The use of such an average 
transfer function is directly validated through discrimination campaigns 
of real and simulated textures using the PIEZOTACT tactile rendering 
device. Since vibrotactile devices exploit the transfer function of the 
device and the participant’s finger, to reproduce the vibration previ-
ously measured during the exploration of real textures, the use of a 
universal finger transfer function aims to optimize such devices by 
getting rid of the need to recalibrate the device for each individual user. 

2. Materials and method 

In the first instance, the methodology for measuring and simulating, 
the mechanical stimuli (in particular the FIV), by means of a tactile 
rendering device named PIEZOACT [30,31] is presented. 

Subsequently, two different test benches are presented to charac-
terize the transfer function of the human finger, by means of an elec-
trodynamic shaker, and then the transfer function of the overall system 
consisting of the vibrotactile device and the human finger. In such a 
way, the role of the dynamics of the finger alone is investigated, and 
then the one of the overall system, accounting for both the device and 
the finger. Parametric analyses are performed on panels of participants 
in different contact boundary conditions. This step is essential for opti-
mizing the mimicking of the effective FIV stimuli, which is the basis of 
the tactile rendering methodology by the vibrotactile device. 

Finally, a discrimination campaign is performed on the real and 
simulated surfaces, using an average transfer function, averaged on both 
the contact parameters and the participants, to mimic the FIV stimuli 
measured when exploring real textures. The results from the discrimi-
nation campaign, obtained with the averaged transfer function, are then 
compared with discrimination campaigns carried on with the transfer 
functions specific to each participant. 

2.1. Surface samples 

A set of 13 surface samples with isotropic textures are used for this 
study. The samples have been obtained from sandpaper of different 
granulometries, starting from P40 up to P4000. The sample have been 
manufactured by silicon (ELKEM BLUESIL RTV 3428) moulds of sand-
paper, in which an epoxy resin (Prochima E-30) has been then poured. 
Therefore, 13 square samples in epoxy resin have been obtained, with a 
side of 50 mm, which replicated the topography of the sandpapers. The 
manufacturing process and the topographic analysis of the samples are 
described into detail in [31]. The original sandpaper grade of the sam-
ples and the respective measured Ra roughness [31] are reported in  
Table 1 and the topographies are reported in Fig. 1. The used set of 
samples has been object of a previous work [31], in which the me-
chanical stimuli associated with tactile exploration (Friction-Induced 
Vibrations) were investigated and simulated by the tactile rendering 
device [30] [31]. 

2.2. Measuring and mimicking FIV stimuli 

2.2.1. Measurement of mechanical stimuli during surface exploration 
To measure the mechanical stimuli (Friction-Induced Vibrations and 

contact forces) associated with the active exploration of the real sur-
faces, the sample is fixed with double-sided tape on a triaxial force 
transducer (Testwell K3D60). An accelerometer (PCB 352A24, PCB 
Piezotronics, Inc.) is glued with wax on the nail of the participant’s 
index finger. During the test, the participant maintains a contact force of 

Table 1 
Isotropic samples set characteristics.  

Sample # sandpaper Ra [µm] 

S1 P40  74.6 
S2 P60  43.7 
S3 P80  33.6 
S4 P120  14.4 
S5 P180  11.7 
S6 P240  6.6 
S7 P400  5.2 
S8 P600  5.2 
S9 P800  4.6 
S10 P4000  4.5 
S11 P2000  4.4 
S12 P2400  4.3 
S13 P1000  3.8  
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approximately 0.2 N and a finger/surface angle of approximately 20 
degrees, while sliding the finger against the samples (active touch), in 
proximal direction. The sliding velocity and the load are directly 
controlled by the participant, while actively exploring the surface. After 
a preliminary training, a minimum of 10 repetitions of the same 
exploratory movement are measured. The signals from the transducers 
are acquired by a SIRIUSi (DeweSoft) DAQ system at a 5 kHz sampling 
frequency. Fig. 2 shows the experimental setup to measure the me-
chanical stimuli elicited by the finger/surface sliding contact. A detailed 
analysis of the FIV signals from surface exploration and their correlation 
with surface discrimination are reported in a previous work [31]. 

The measurements of mechanical stimuli, according to the described 
protocol, have been carried out on 10 participants. These measures have 
been analysed and then used for the subsequent discrimination cam-
paigns, by the mimicking technic described in the following. 

2.2.2. PIEZOTACT tactile device for tactile rendering 
A tactile device, named PIEZOTACT [30,31], is used to replicate the 

Friction-Induced Vibrations, previously measured when exploring the 
real surface samples. The tactile device is based on an electro-active 
polymer (EAP) piezoelectric actuator and its driving chain; it is able to 
actuate out-of-plane vibrations when a voltage is applied. The actuator is 
bounded into a PLA support, produced by additive manufacturing, and is 
driven by an electronic Texas Instrument (TI) card (Texas Instruments 
DRV2667EVM-CT), which is feed by an audio signal generated by a 
computer. 

The aim is to reproduce, by the vibrotactile device, the FIV signals 
measured on the finger of the user when exploring the real textures. The 
main steps of the used tactile rendering technique, to correctly repro-
duce the FIV signals by the actuator, are the following: 

Fig. 1. Topographies of the isotropic samples obtained by the numerical microscope KEYENCE WHX 2000 [31].  
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• The FIV signal is preliminarily measured on the finger when 
exploring the real texture;  

• A Fast Fourier Transform (FFT) is performed on the FIV signal;  
• the FFT of the signal is divided by the overall electromechanical 

Transfer Function of the system (including the electrical circuits, the 
device and the finger);  

• an inverse FFT is performed on the obtained spectrum to retrieve the 
time signal, which is then sent to the PIEZOTACT device. 

The details of the development and validation of the PIEZOTACT 
device (shown in Fig. 3) and the texture rendering methodology can be 
find in [30,31]. 

2.3. Transfer Function estimation 

Since the rendering methodology [30,31] is based on the processing 
of the target FIV signal by the Transfer Function of the whole 
electro-mechanical system, constituted by the combination of the PIE-
ZOTACT device and the user’s finger, its correct characterization as-
sumes a fundamental role to correctly mimic the FIV signal. 

Different users mean different fingers, placed on the actuator, with 

their proper transfer functions. Furthermore, being the system 
nonlinear, a role is also played by the contact parameters between the 
user’s finger and the surface of the vibrotactile actuator, such as the 
normal contact force and the finger/surface angle. In previous works 
[30,31] the transfer function was re-characterized for each individual 
user; moreover, the contact boundary conditions between finger and 
actuator were maintained fixed for all the users. 

With a view to optimizing the tactile device and the rendering 
methodology, a parametric analysis of the transfer function of the 
human finger, and then of the vibrotactile device including the user’s 
finger, has been carried out on panels of participants. 

2.3.1. Finger transfer function: experimental setup and protocol 
A test bench (Fig. 4) has been developed to characterize the finger 

transfer function by means of a shaker (2075E The Modal Shop INC. A 
PCB Group CO., driven by the amplifier SmartAmp Power Amplifier 
2100E21 The Modal Shop INC. A PCB Group CO.). The SIRIUSi DAQ 
system and the Dewesoft software are used both to acquire the signals 
from the transducers and to drive the shaker (via the amplifier), at a 
sampling frequency of 5KHz for all the input and output channels. An 
accelerometer (PCB PIEZOTRONICS 352A24) is fixed by wax on the 
fingernail of the participant to measure the acceleration. A piezoelectric 
charge force transducer (ENDEVCO 2321, driven by the amplifier Kistler 
KIAG SWISS Type 5001) is used to measure the contact normal force. 
This kind of force transducer allows to measure both the dynamic and 
the static components of the contact normal force, indispensable to 
perform the parametric analysis of the finger transfer function while 
monitoring the applied contact force. The force transducer is fixed on 
the top of the shaker. By its nature, this type of transducer is highly 
sensitive to temperature changes, which in this case are present due to 
the participant’s finger temperature. To prevent temperature-induced 
drift, a ceramic plaque is glued to the force transducer to thermally 
and electrically insulate the force transducer from the participant’s 
finger. A support for the participant’s arm is set up to maintain an angle 
of approximately 20 degrees between the participant’s finger and the 
contact surface. To experimentally characterize the finger transfer 
function, a random signal up to 1 kHz is delivered while the participant 
holds his finger on the force transducer, with the accelerometer on the 
fingernail. The transfer function inertance between the force and the 
acceleration is then calculated. The transfer function calculated in this 
way also considers the ceramic plaque between the force transducer and 
the finger. Nevertheless, the transfer function of the ceramic plaque, 

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

Fig. 3. The PIEZOTACT device.  
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characterized in a preliminary stage, is constant within the frequency 
range of interest, due to it high stiffness and has no relevant effect on the 
results. 

The parametric study has been carried out on 5 participants (2 fe-
males and 3 males, ranging between 21 and 55 years). The angle be-
tween the finger and the ceramic surface has been set at 20 degrees, 
maintained by the configuration of the arm support. For each partici-
pant, measurements have been performed with a contact load of 0.2 N, 
0.4 N and 0.6 N. The participant could hold the target contact load by 
observing the mean load displayed on the monitor. 

2.3.2. Overall electro-mechanical transfer function: experimental setup and 
protocol 

The vibrotactile device, including the participant’s finger, has been 
subjected to a parametric analysis of the Transfer Function. Fig. 5 shows 
the exploited experimental setup. The actuator is fixed on a triaxial force 
transducer (Testwell K3D60) in order to monitor the contact force pro-
vided by the participant. An accelerometer (PCB 352A24, PCB Piezo-
tronics, Inc.) is fixed on the participant’s fingernail. A support is 
provided so that the participant’s arm could rest during the measure-
ment. The signals coming from the transducers are acquired using the 
SIRIUSi (Dewesoft) acquisition system at a sampling frequency of 5 kHz. 
The Transfer Function, obtained from the numerical input signal 
(random signal up to 1 kHz), sent via Matlab to the device, and the 
acceleration measured on the participant’s fingernail is then charac-
terized. Details on the methodology used to calculate the transfer 
function can be found in [30]. 

The parametric study was carried out on 20 participants (10 females 

and 10 males, ranging between 20 and 55 years). It is important to 
notice that the panel of participants who performed this campaign was 
composed by different participants with respect to the panel who per-
formed the campaign described in Section 2.3.1. 

The parametric analysis has been conducted by varying the partici-
pant, the finger/actuator contact force and the finger/actuator inclina-
tion angle. As regards the contact force, the values of 0.2 N, 0.4 N and 
0.6 N have been chosen (values in the range involved in tactile explo-
ration). For the finger/actuator contact angle, the values of 20◦ and 40◦

have been selected. To assist the participant in maintaining the desig-
nated finger/actuator angle, the arm support has been conveniently 
arranged. 

2.4. Discrimination campaign 

A discrimination campaign, using the isotropic samples described in 
Section 2.1, has been performed on 10 participants (1 female and 9 
males, with ages ranging between 24 and 45 years). The panel of par-
ticipants who performed this campaign was composed by different 
participants with respect to the panels who performed the campaigns for 
the characterization of the Transfer Function described in Sections 2.3.1 
and 2.3.2, and was as well different to the one who performed the 
discrimination campaign in [31]. This increases the robustness of the 
results. 

Discrimination tests have been carried out on the real isotropic tex-
tures and on those simulated by the PIEZOTACT device, to evaluate the 
possibility to discriminate real and simulated surfaces on the basis of 
Friction-Induced Vibrations. 

The average transfer function (see Section 3.2) has been used to 
process the FIV signal with the rendering method described in Section 
2.2.2. Moreover, the used panel of participants to compute the average 
transfer function was not the same that performed the discrimination 
campaign. 

The texture discrimination campaign is articulated into 3 different 
tasks (Fig. 6), described in the following. 

2.4.1. Task 1 
The first task (Fig. 6a) consists in sorting all the 13 isotropic samples 

in order, from the one perceived as the roughest to the one perceived as 
the smoother. The samples are randomly placed in front of the partici-
pant, who has to explore and sort them, relying only on the sense of 
touch. 

2.4.2. Task 2 
For each of the groups of 3 samples in Table 2, a discrimination task 

is performed on the real surfaces (Fig. 6b). The test consists in sorting the 

Fig. 4. Test bench for parametric analysis of finger transfer function.  

Fig. 5. Setup to characterize the transfer function of the PIEZOTACT device 
with the user’s finger. 
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3 samples in order from the roughest (placed in position A) to the 
smoother one (placed in position C). 

2.4.3. TASK 3 
For each of the groups of samples in Table 2, a discrimination task is 

then performed on the simulated surfaces by the PIEZOTACT device 
(processed with the average transfer function) (Fig. 6c). It is asked to the 
participant to place the finger on the actuator, and to perceive a 
sequence (containing the samples belonging to the group under exam-
ination) of the surfaces, simulated (mimicked FIV) with the vibrotactile 
device. By perceiving the only vibration signal sequence generated by 
the device, the participant has to declare the corresponding sequence of 
real surfaces (in term of A, B, C). In other words, at each signal repro-
duced by the actuator, and perceived by touching the actuator, the 
participant has to associate the corresponding real surface. 

To perform TASK 2 and TASK 3, the samples are randomly divided 
into groups of 3, summarized in Table 2. During the campaign, partic-
ipants are equipped with scratched glasses that allow to identify the 
shape and the position of the samples but not the texture, while earmuffs 
avoid acoustic feedback. No time limit is imposed to the participants to 
perform each discrimination task. 

The same protocol and the same sets of samples, used in the present 
work, have been used in [31], in order to allow the comparison between 
the discrimination of real and simulated textures when the signal is 
processed with the specific transfer function of each participant (as in 
[31]) and the average transfer function (as in this work). 

3. Results and discussion 

In this section, first, the results of the parametric analysis on the 
finger transfer function, carried out using the two experimental pro-
tocols described in Section 2.3, are presented and discussed. Then, the 
FIV signals obtained by either the specific transfer function or the 
averaged one are compared with the original FIV, measured during the 
real surface exploration. Finally, the possibility of using an average 
transfer function among participants, to mimic the simulated surfaces 
using a vibrotactile device, has been tested by means of a discrimination 
campaign on real and simulated isotropic surfaces. The results of the 
discrimination campaign, using the average transfer function to obtain 
the simulated surfaces, are discussed in this section, and compared with 
the campaign performed in a previous work [31], in which the surfaces 
were simulated using the participant specific transfer functions. 

3.1. Parametric analysis of finger transfer function 

A parametric analysis of the finger transfer function has been carried 
on with the protocol described in Section 2.3.1. 

Fig. 7 shows the comparison of the finger transfer functions among 
all the participants in the same test conditions: Fig. 7a reports the finger 
transfer function of all the participants with a normal contact load of 
0.2 N, Fig. 7b with a contact load of 0.4 N and Fig. 7c with a contact load 
of 0.6 N. In all cases, the transfer functions of the participants are similar 
in trend and generate a bundle of curves of few dB of maximum devia-
tion (less than 5 dB). Moreover, the maximum deviation of the curves 
presents a decreasing trend as the normal load increases. Fig. 8 presents 
the evolution of the maximum deviation as a function of the normal 
contact load. Increasing the contact load, the deviation of the transfer 
function with the participant decreases. 

Fig. 9a presents all the curves relating to all the participants and all 
the test conditions (0.2 N, 0.4 N, 0.6 N) superimposed on the same 
graph, forming a bundle of curves with a similar trend and a maximum 
deviation of 8 dB. 

An average transfer function among participants was then calculated 
for each test condition (normal load): an example of the average transfer 
function, superposed on the specific ones of the participants, is pre-
sented in Fig. 9b, for the case of a contact force of 0.2 N. 

For each participant, the gain of the finger transfer function increases 
as the contact load increases; an example, referred to one participant, is 
reported in Fig. 10a. The same behaviour was found for all participants. 
For each test condition (0.2 N, 0.4 N, 0.6 N) the average transfer 

Fig. 6. Discrimination campaign, articulated into 3 different tasks: (a) TASK 1, sorting of the whole sample set; (b) TASK 2, discrimination of sets of real surfaces; (c) 
TASK 3, discrimination of sets of simulated surfaces by FIV reproduction. 

Table 2 
Used groups of isotropic samples for discrimina-
tion TASK 2 and 3.  

GROUP SAMPLES 

A S2, S4, S8 
B S5, S7, S9 
C S6, S11, S10 
D S1, S3, S13 
E S5, S8, S12 
F S5, S9, S10 
G S2, S3, S4 
H S1, S8, S13 
I S1, S7, S12 
L S4, S13, S10 
M S4, S8, S9 
N S13, S12, S10  
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function among all participants has been computed. Fig. 10b shows the 
comparison between the average transfer function among participants 
for the three test conditions (0.2 N, 0.4 N, 0.6 N). The trend of the 
average transfer function perfectly reflects the trend of the singular 
transfer function of each participant: as the normal contact load in-
creases, the gain of the transfer function increases, due to the increase of 
the contact surface and mechanical coupling between fingertip and 
actuator.. 

The antiresonance at about 265 Hz, present in all figures, is char-
acteristic of the used electrodynamical shaker. Being the aim of the 
study the comparison of the finger transfer functions of different par-
ticipants and in different boundary conditions, always maintaining the 
same experimental setup, this resonance can be neglected. 

In the light of the encouraging and consistent results of this 

preliminary campaign, investing the variability of the finger transfer 
function, a broader parametric analysis of the transfer function has been 
then performed directly on the vibrotactile rendering device, which is of 
interest for the processing of the FIV signals. In the campaign conducted 
on the device, the analysis has been extended to 20 participants, and 
further contact configurations, accounting for the overall electro- 
mechanical chain (PIEZOTACT and participant’s finger). 

3.2. Parametric analysis of overall electro-mechanical transfer function 

A parametric analysis of the transfer function of the electro- 
mechanical system constituted by the electronics, the PIEZOTACT de-
vice and the user’s finger has been carried on, with a panel of 20 par-
ticipants and the protocol described in Section 2.3.2. 

The parametric analysis was articulated in two points:  

• For a single participant, the characterization of the finger transfer 
function is carried on by varying different contact parameters be-
tween finger and vibrating surface (contact force and finger/surface 
angle).  

• For a given choice of contact parameters (contact force and finger/ 
surface angle), the finger transfer function of different participants is 
compared. 

The results, which agree with those found on the user’s finger alone, 
and presented in Section 3.1, are listed in the following. 

For each participant, fixed the finger/actuator angle, the gain of the 
transfer function increases as the contact force increases. The same trend 
is found for all the participants and for both the tested values of the 
finger/actuator angle (20◦ and 40◦). Fig. 10 shows an example for a 
participant: whatever the finger/actuator angle, the transfer function 
increases as the contact force increases. 

For each participant, fixed the value of the contact force, the transfer 
function referred to the two values of the finger/actuator angle (20◦ and 

Fig. 7. Comparison, among all participants, of the finger transfer function in the same test condition: (a) contact load of 0.2 N, (b) contact load of 0.4 N, (c) contact 
load of 0.6 N. 

Fig. 8. Maximum deviation of the transfer functions as a function of the finger/ 
actuator normal contact load. 
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40◦) are compared. The variation of the angle causes a slight variation of 
the shape of the transfer function, but without a significant deviation 
and without a definite trend. This behaviour is found for all the contact 
forces and for all the participants. Fig. 12 reports an example for a 
participant. 

Then, for each tested condition {angle, force}, the transfer functions 
of the 20 participants are compared. Fig. 13 shows an example for the 
condition {20◦, 0.2 N}. As in Section 3.1, the transfer functions of all the 
participants form a bundle of curves with a few dB of maximum devi-
ation, with a well-defined and repetitive trend. The average transfer 
function of all the curves is computed as well (see Fig. 13). The same 
behaviour is found for all test conditions {angle, force}. Fig. 14 reports 
the maximum deviation of the transfer functions of all participants for 

each test condition {angle, force}. Having fixed the finger/surface angle, 
the maximum deviation shows a decreasing trend as the contact force 
increases, for both 20◦ and 40◦, with a maximum of 5 dB reached for the 
case {20◦, 0.2 N}. 

All the obtained transfer functions differ slightly between partici-
pants and within the tested ranges of contact boundary conditions. The 
real question lies on the effect of such slight variations on the mimicking 
of the FIV stimuli and on their perception by a subject, mediated by the 
stimuli transmission and elaboration by the brain. In the light of these 
results, it has been decided to use the average transfer function, calcu-
late on the panel of participants, to simulate (mimic) the set of isotropic 
textures. A discrimination campaigns of the real and simulated isotropic 
surfaces has been then carried out. The average transfer function among 

Fig. 9. (a) Comparison of finger transfer functions of all participants in all test conditions (0.2 N, 0.4 N, 0.6 N); (b) Example of calculated average transfer function 
among participants (for a load of 0.2 N) together with the specific participant curves. 

Fig. 10. (a) For one participant, the finger transfer function increases as the contact load increases. (b) average finger transfer functions, calculated among all 
participants, for each test conditions (0.2 N, 0.4 N, 0.6 N); the transfer function increases as the contact load increases. 

Fig. 11. Example of transfer function for a participant as the contact load varies, for an angle of 20◦ (a) and 40◦ (b).  
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20 participants calculated for the combination {20◦, 0.2 N} has been 
used (Fig. 12), as it reflects the choice of parameters with which the FIV 
were measured during the exploration of the real surfaces (see Section 
2.2.1). 

3.3. Validation of FIV signal rendering with average transfer function 

As a preliminary step, the correct reproduction of the FIV stimuli 
using the PIEZOTACT device is verified both using the specific transfer 
function of the participants [31] and the averaged one. The FIV signal 
measured by exploring the real surface has been processed and sent to 
the device, while the participant placed his finger on the vibrating 
actuator and the acceleration was measured on the fingernail with the 
accelerometer. Fig. 15 shows the comparison between the PSD of the 
original FIV (red line), measured when the finger explores the real 
surface (S7), and the PSD of the signals measured during the 

reproduction of the signal by the vibrotactile device. The same original 
FIV signal has been processed in one case with the specific transfer 
function of one participant (blue line), and in the other case with the 
transfer function averaged among the participants (green line). When 
considering the specific transfer functions, the acceleration measured on 
the fingernail when exploring the surface are perfectly reproduced by 
the tactile device. In the case of the signal reproduced with the average 
transfer function, the reproduction is slightly less performing, but still 
well mimicking the main trend and amplitude distribution of the spec-
trum. In both cases, the real signal is well reproduced by means of the 
PIEZOTACT device on the participant’s finger. 

Fig. 12. Example of comparison, for a participant, between the transfer function for angles of 20◦ and 40◦ with a load of 0.2 N (a), 0.4 N (b), 0.6 N (c).  

Fig. 13. Superimposition of the transfer functions of all the participants for the 
condition {20◦, 0.2 N} and the average transfer function. 

Fig. 14. Maximum deviation of curves, representing the transfer function of the 
system (PIEZOTACT device and user’s finger) of all participants, as a function of 
the finger/actuator normal contact load and the finger/surface angle. 
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3.4. Results of discrimination campaign of real and simulated isotropic 
surfaces using the average transfer function 

The feasibility and effectiveness of using an average transfer function 

has been tested directly through a surface discrimination campaign. The 
discrimination campaign was carried out on 10 participants, on both the 
real and simulated surfaces, according to the protocol described in 
Section 2.4 and in [31]. 

To mimic the surface textures by the PIEZOTACT device, the average 
transfer function has been used (case {20◦,0.2 N}, which corresponds to 
the conditions used during the exploration of the real surfaces). 

The results are analysed by means of association matrices con-
structed as follows: on the horizontal plane of the matrix there are, on 
the abscissa axis x, the sample surfaces (real or simulated) presented to 
the participants, and on the ordinate axis y, the corresponding real 
sample sequence. In such a way, each pair {x,y} represents an associa-
tion declared by the participant. The correct associations of the samples 
lie on the main diagonal of the matrix, while the discrimination errors lie 
outside the diagonal. The vertical axis presents the association per-
centages. These percentages are calculated as the ratio between the 
number of times that a particular association is declared by the partic-
ipants and the number of times that the sample is presented to the 
participants among the whole tests, expressed as a percentage. Each 
matrix is cumulative of the associations declared by the full panel of 
participants. The same procedure for analysing the results was used in 
[30,31]. Fig. 16 shows the results of the discrimination campaign on 
both real and simulated surfaces: TASK 1 in Fig. 16a, TASK 2 in Fig. 16b 
and TASK 3 in Fig. 16c. 

In all the three discrimination tasks, the association percentage on 
the main diagonal is very high for all the sample surfaces, which testifies 

Fig. 15. Verification of reproduced FIV by PIEZOTACT device with individual 
and average Transfer Function. 

Fig. 16. Results of the discrimination campaign: (a) TASK 1, ordering of the full set of real surfaces; (b) TASK 2, discrimination task on sets of real surfaces; (c) TASK 
3, discrimination task on simulated surfaces. 
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the excellent performance in the discrimination of both real and simu-
lated surfaces, simulated using the PIEZOTACT device with the average 
transfer function. The participants have been able to correctly discrim-
inate the real and simulated textures with few errors. This means that 
the simulation of the surface textures by the PIEZOTACT device using 
the average transfer function among participants has provided excellent 
results in terms of discrimination of the surfaces, and the approach is 
therefore validated. Moreover, it should be remarked that the panel of 
participants used for calculating the average transfer function (see 
Section 2.4) was different from the one used for the discrimination tasks, 
further validating the possibility to use a mean transfer function, pre-
viously calculated on an arbitrary panel of participants, for mimicking 
the FIV stimuli by the vibrotactile device. 

The results of the discrimination campaign with the average transfer 
function among participants can be as well compared with those ob-
tained from the discrimination campaign in [31], in which the simulated 
textures were obtained using the specific transfer function of the par-
ticipants. The used discrimination protocol is exactly the same, allowing 
comparison between the two works. The discrimination campaigns, both 
of real and simulated textures, have comparably excellent results in the 
two works. This means that the use of an average transfer function 
among participants is equally effective than using, for each participant, 
its own specific transfer function. 

The possibility of using an average transfer function in the rendering 
of the vibrational tactile stimuli makes it possible to get rid from having 
to recharacterize the finger transfer function for each individual user of 
the device, making this technology more versatile. 

4. Conclusions 

With the objective of investigating the effect of the individual finger 
transfer function on the tactile perception of textures, an analysis of the 
dynamic response of the human finger, and its role in mimicking FIV 
stimuli, has been conducted. The used tactile device, PIEZOTACT, is 
based on the exploitation of the transfer function of the system consti-
tuted by the device and the user’s finger, to reproduce the Friction- 
Induced Vibrations previously measured when exploring real surfaces 
in proximal direction. 

The parametric analysis on the finger’s transfer function revealed 
that the gain of the transfer function increases as the contact force be-
tween the finger and the vibrating surface increases, while the angle 
between the finger and the surface slightly influenced the transfer 
function’s shape, but no significant variations were identified. 

More in general, the transfer functions obtained for the different 
participants involved in the study (a panel of 20 subjects, 10 female and 
10 males, ranging between 20 and 55 years old), under varying condi-
tions of contact force and angle, were found to present a quite similar 
trend in frequency and low deviation in amplitude. An average transfer 
function has been then calculated among the participants and has been 
employed to process FIV stimuli induced by the exploration of real 
isotropic textures, subsequently reproduced by the PIEZOTACT device, 
to be directly tested in a discrimination campaign. 

The discrimination campaigns of real and simulated textures were 
conducted using the previously calculated average transfer function, 
yielding excellent discrimination results, comparable to previous studies 
that utilized individual participant transfer functions [31]. 

Such results highlighted a negligible impact of the individual finger 
dynamic response (Transfer Function) on the simulation of the tested 
textures by vibrational stimuli, allowing as well to optimize the imple-
mentation of the vibrotactile device, based on the rendering of FIV 
stimuli, getting rid from the need for recalibration for each individual 
user. 
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