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Abstract: The human fingertip is an exquisitely powerful bio-tactile sensor in perceiving different
materials based on various highly-sensitive mechanoreceptors distributed all over the skin. The tactile
perception of surface roughness and material hardness can be estimated by skin vibrations generated
during a fingertip stroking of a surface instead of being maintained in a static position. Moreover,
reciprocating sliding with increasing velocities and pressures are two common behaviors in humans
to discriminate different materials, but the question remains as to what the correlation of the sliding
velocity and normal load on the tactile perceptions of surface roughness and hardness is for material
discrimination. In order to investigate this correlation, a finger-inspired crossed-I beam structure
tactile tester has been designed to mimic the anthropic tactile discrimination behaviors. A novel
method of characterizing the fast Fourier transform integral (FFT) slope of the vibration acceleration
signal generated from fingertip rubbing on surfaces at increasing sliding velocity and normal load,
respectively, are defined as k; and k;, and is proposed to discriminate the surface roughness and
hardness of different materials. Over eight types of materials were tested, and they proved the
capability and advantages of this high tactile-discriminating method. Our study may find applications
in investigating humanoid robot perceptual abilities.

Keywords: tactile perception; materials discrimination; tactile sensor; friction induced vibration;
surface roughness; hardness

1. Introduction

Tactile perception through finger touch plays an essential role in our interaction with the external
environment. A dynamic process involving movement, such as repetitively stroking a surface to assess
its texture or roughness, pressing throughout a material to explore its hardness, is highly needed to
access the nature of materials we are in contact with throughout our daily lives [1]. In fact, it became
possible to discriminate similar textures by fingertip sliding on textured surfaces [2—4]. Fingerprint
patterns enable the perception of a surface’s fine texture by amplifying the vibration signals during
a fingertip scanning over the surface [5-8]. The interlocked microstructures between the epidermal
and dermal layers of the skin are supposed to be functional amplifiers and efficiently transfer the
tactile stimulation to various cutaneous mechanoreceptors [9,10]. Within human skin, slowly-adapting
(SA) receptors, such as Merkel and Ruffini corpuscles, respond to sustained touch and pressure on
the skin, and rapid-adapting (RA) receptors, for example, Meissner and Pacinian corpuscles, respond
to dynamic touch and vibration stimuli [11-14]. All of these mechanoreceptors enable humans to
precisely perceive and discriminate mechanical and thermal stimuli. These mechanics of tactile sensing
provide cues about the physical properties of touched objects, such as shape, softness, frictional
properties, and surface topography, as the sense of touch [15-19]. Until recently, studies in the field of
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tactile perception and material discrimination have generally focused on one or two materials assumed
to be discriminated on the basis of their physical properties, such as frictional characteristics [20,21],
surface textures [22-24], material hardness [25], or thermal properties [26,27]. However, it has never
been suggested that different materials we touched could be discriminated by tactile perception
of surface roughness and material hardness, which was evaluated by friction-induced vibrations
generated during a fingertip interacting with the material surfaces. This material discrimination study
is a further exploration of a simple, non-intrusive, and high tactile-discriminating approach to reveal
the secrets of human tactile sensing in material discrimination.

1.1. Material Tactile Discrimination

Surface texture and material hardness are two essential properties of a material and commonly
recognized to conduct a material identification. Most previously studied surface-related tactile
perceptual tasks rely on fingertip sliding on surfaces to discriminate materials with frictional cues [28].
Textured surfaces with wrinkle wavelengths ranging from 300 nm to 90 um were correlated with the
finger friction coefficient, and the frictional cues illustrated that human tactile discrimination extends
to the nanoscale with the lowest amplitude of the ridges being approximately 10 nm [29]. The primary
reason for these discrimination performances is that surface mechanical fluctuations induced by
fingertip sliding not only reveal the topography information of a surface, but also present interfacial
deformations induced by static/dynamic contact [6]. A study of the tactile perception of bathroom
tissues by a tribo-acoustic artificial finger sensor, measuring friction and vibrations during the sliding
of an artificial finger on the surface of the tissues, proved that both the surface texture and material
softness have good correlations with friction-induced vibrations, and a principal component analysis
classified the bathroom tissues into four different groups [28]. In recent years, surface roughness,
as one of the most important physical characteristics in surface texture, has been widely investigated
by frictional properties and vibration frequency spectrum analysis [30-39]. However, it has never
been suggested that the differences between the materials we touch could be discriminated by tactile
perception of surface roughness and material hardness as a function of sliding velocity and pressing
normal load, which is inspired from the nature of fingertip identification of the materials.

Complex mechanical fluctuations take place, as well as the transitory phases between sticking
and slipping, during the fingertip scanning of a material’s surfaces for a range of rubbing velocities
and loads. As shown in Figure 1, when the fingertip reciprocatingly rubs the material’s surface with
increasing rubbing velocity and pressing normal loads, various vibration signals are detected by the
mechanoreceptors distributed in the skin dermis of the fingertip [14] and are conducted to the nerve
fibers, then finally recognized by the human brain [40]. Figure 1a,b presents a simplified schematic of
human roughness and hardness tactile perceptions, which illustrate the correlation of surface textures
and interfacial deformations as a function of sliding velocity and normal load at the interface between
the fingertip and the material surface. The skin structure of the epidermis layer [41], as shown in
Figure 1c, presents a schematic of the physical relationship between the fingertip and the material
during interaction. The four layers of skin epidermis interact with the surface texture, and vibrations
and deformations are generated with complex mechanical fluctuations for human tactile sensing [30,42].
Therefore, in material tactile sensing, the vibration stimuli from the fingertip—surface interaction is
highly complex due to the deformation of the finger and the substrate surface, and simultaneously
affected by the scanning velocity and pressure [43]. Thus, an investigation into the relationship
between material tactile discrimination and the material physical properties is highly desirable to
further illuminate the mechanical fluctuations for material tactile sensing of the human fingertip.
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Figure 1. (a) Schematic illustrating roughness tactile perception based on the skin vibration as a
function of sliding velocity during a fingertip rubbing on different textured surfaces; (b) hardness
tactile perception as a function of normal load on various hardness materials; and (c) the structure of
skin epidermis and its deformation in both two tactile perceptions.

1.2. Objective of the Paper

In this paper, we study the tactile perception characteristics of vibration signals during an
artificial fingertip rubbing on eight kinds of materials with different hardness and manufactured
with various roughness. In various rubbing velocity and normal load conditions, the correlation
between the frequency spectra integral of the material’s tactile vibration signals and the material’s
physical properties are investigated in order to understand how the sliding velocity and normal load
characterize the tactile perception of the surface roughness and hardness in human fingertip tactile
sensing. We also propose a new material discrimination approach. Here, rubbing is conducted using a
fingerprint-patterned artificial fingertip and a low-frequency acceleration sensor relevant for material
sliding to collect vibration characteristics.

2. Experimental

2.1. Material Preparation and Method

For characterizing the tactile discrimination of materials, glass, stainless, aluminum, polymethyl
methacrylate (PMMA), epikote (EP), wood, silicone, and polydimethylsiloxane (PDMS) were
chosen according to their hardness and manufactured as substrates in the same dimensions
(20 mm x 100 mm x 10 mm). There were two categories of these materials used in this tactile
discrimination study: surface roughness and material hardness. All of these samples were prepared
under the same laboratory conditions (25 °C and relative humidity (RH) 55%) and appropriately
cleaned by relevant approaches with ethanol or acetone solutions, as mentioned in a previous
study [14].

In the roughness tactile discrimination test, samples with different surface roughness were
produced by a commercial sander (FS-100C, Nitto Kohki, Tochigi, Japan). Three glass substrates were
manufactured by 200, 600, and 1000 mesh sandpapers (991A, Matador Starcke, Germany), and five
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aluminum substrates were ground by 60, 120, 220, 400, 800, and 1000 mesh sandpapers. In contrast
with these two materials, silicone (Zhermack HD+ A, Badia Polesine, Italy) was compressed on the
glass substrates for creating three comparable softer samples with similar surface roughness. Moreover,
a virgin pig skin, which was studied in our previous research [14], was prepared and a cooperation
test in this section was conducted as well. All surface roughnesses of these samples are shown in the
following figures and Tables 1 and 2.

For the hardness tactile discrimination test, five different mass ratios of PDMS and curing agent
(Sylgard 184 silicone elastomer kit, Auburn, AL, USA) mixtures were prepared, respectively, as different
mass ratios lead to different hardness [44]. The mixtures were vacuumed for 20 min in a vacuum drier
at 25 °C and then heated at 80 °C for 40 min in a lab oven. Finally, five PDMS substrates with five
different hardnesses, ranging from 15 HS to 54 HS (in Shore-A), were produced as required.

Furthermore, the eight common materials mentioned above were particularly prepared and
tested in a common material tactile discrimination test based on a surface roughness and hardness
tactile perception analysis. An initial glass, a commercial aluminum (6061), a PDMS (10:1 mass ratio)
substrate, previously manufactured, a silicone sample prepared by being compressed on an initial
glass substrate, commercial PMMA (Shengjili Acrylic, Shenzhen, China), EP, 304 stainless steel, and an
initial wooden board (pine) were chosen and manufactured in the same dimensions. All eight common
materials” physical properties are presented in Table 2.

Table 1. Properties of six sandpaper ground aluminum samples.

Mesh Number 60 120 220 400 800 1000

Ra (um) 1.618 0.842 0.624 0368 0.241 0.165
Hardness 103.6 103.2 1026 1021  102.1 102
ko 473 3.51 242 1.84 141 0.96

kw 0.061 0.041 0.053 0.062 0.048 0.063

Table 2. Properties of eight common flat material samples.

Name Wood Al Stainless  Silicone PDMS EP PMMA Glass
Ry (um) 0.615 0.368 0.163 0.075 0.045 0.023 0.008 0.002
Hardness  95.2 102.6 372.1 56.4 53.1 16.5 21.6 530.6
ko 5.57 4.71 2.52 2.08 1.97 1.68 1.32 1.07

kw 0.133 0.053 0.008 0.162 0.191 0.084 0.0751 0.0007

PDMS: polydimethylsiloxane; EP: epikote; PMMA: polymethyl methacrylate.

In this paper, friction-induced vibration signals were collected by an acceleration sensor, and a
novel method of material tactile discrimination was proposed based on a frequency spectrum analysis
of the vibration signals generated during an artificial fingertip sliding on the interface of the fingertip
and the surfaces with various rubbing velocity and normal load. The fast Fourier transform (FFT)
of the friction force and acceleration signals was used in the spectral analysis [45,46]. Based on a
large number of experiments” data frequency analyses, we proposed a new method to distinguish the
surface roughness and hardness properties of different materials by the frequency spectral integral of
the vibration acceleration signal generated from the interface between the fingertip and the surface,
which was defined as S(FFT) by the following relationship:

b—a
2N

N
S(FFT) = Y [FFT(fa) + FFT(fys1)] )
n=1
where S(FFT) is the integral of FFT(f), FFT(fn) is the fast Fourier transform of the variable x(t), N is the
number of sampling points, and the spacing between each point is equal to the scalar value hﬁa
Then, characterizations of S(FFT) as a function of the rubbing velocity and normal load,

respectively, were conducted in the following surface roughness and hardness tactile discrimination
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tests in order to determine a simple and reliable method to distinguish materials by tactile perception
of roughness and hardness.

2.2. Experimental Apparatus and Procedure

In this study, a crossed I-beam structure tactile tribometer was designed with a
fingerprint-patterned artificial fingertip mounted at the end of a flexible cantilever beam, which
was inspired by the bio-structures of the human finger conducting touch-sensing as shown in Figure 2.

The system’s friction-induced vibration was measured by a small, low profile (4 mm x 4 mm x 1.45 mm,
mass 127 g), three-dimensional (3D) capacitive-type acceleration sensor (Analog Devices ADXL335, Norwood,
NJ, USA), which was screwed on a sensor holder at the edge of the cantilever beam as shown in Figure 2a.
The sensor uses three sets of cantilever beams inside the housing to provide measurements along three axes.
The accelerometer has a full-scale range of 4-3 g, and the bandwidth has a range of 0.5 Hz-1.6 kHz in the x and
y directions, 0.5-550 Hz in the z direction, and a sensitivity at x, y, and z of 300 & 0.001 mV/g. The natural
frequency of the beams was 5 kHz above the measured frequency ranging from 0 to 500 Hz. Normal load and
friction force were measured with strain gauge sensors mounted on the edge of the beams with a gauge factor
of 115 used. The artificial fingertip, as shown in Figure 2a, was loaded against a reciprocating substrate that was
mounted on a commercial three-axis adjustable stage. The beam structure was mounted on a two-axis linear
stage (Newport 462 series YZ axis, Irvine, CA, USA). The normal load was applied by a micrometer, which was
installed on the top of the two-axis linear stage. A laboratory jack was used to lift the entire stage in the vertical
direction. A reciprocating platform (THK1505) was used to provide reciprocating motion. A Newport XYZ axis
stage was installed on the reciprocating stage, and a three-axis triangle adjustable sample stage (5Q240-4) was
installed on the top to provide the samples with a horizontal position. The reciprocating sliding device we built
can provide a linear motion with an adjustable stroke length of up to 200 mm and variable frequency of up to
5 Hz (the velocity is 100 mm/s and the stroke is 10 mm).

A A
N 10

Figure 2. (a) Sketch of the experimental setup. A three-axis acceleration sensor (1) is mounted on an
aluminum holder (2) based on a pair of crossed-I beams (3) upon which were installed two strain gauge
force sensors: the normal load sensor (4) and the friction sensor (5) were connected by two aluminum
holders (6) and (7), an artificial fingertip (made of silicone with a height of 15 mm, a diameter of 12 mm,
a hardness of 55 Shore-A, and a surface roughness (Ra) of 0.24 um) whose surface is patterned with
parallel ridges (an artificial cyclic fingerprint with semicircle ridges at a height of 0.45 mm and width
of 0.45 mm) to mimic a human fingerprint as shown in (b-d). The fingertip probe slides on a 200 mesh
ground glass substrate (9) and the surface presented a non-Gaussian random rough surface (10).

Normal load, friction force, and accelerometer data were sampled at 4 kHz, considering that
a frequency measurement range of 0-1.6 kHz is sufficient to measure all the dominant frequencies
of vibration under the present experimental conditions. These parameters were digitized with a
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resolution of 12 bits in the range of 3.5 V through Labview 2016 software (National Instrument TM,
Austin, TX, USA) and onboard electronics. Then, the spectrum analysis was obtained by taking
the FFT and frequency spectral integral of the acceleration data through a program in the MATLAB
software package.

For the material tactile discrimination test, all samples were prepared and cleaned by ethanol
or acetone, respectively. The artificial finger interacted with a reciprocating sample with a normal
load, which was applied to the surfaces through the micrometer actuator from 100 to 400 mN, and the
reciprocating sliding velocity ranged from 10 to 50 mm/s, with a constant scanning distance of 50 mm.
The roughness (R,) of rough materials, such as wood, stainless steel, and aluminum, was measured by
a portable surface roughness tester (TR200, TIME, Beijing, China), and smooth materials, such as glass,
PMMA, EP, silicone, and PDMS, were measured by an atomic force microscope (Bruker Innova AFM,
Camarillo, CA, USA) to provide a higher-precision measurement of roughness with little damage to the
surfaces. The hardness of these hard materials, such as glass, PMMA, ED, stainless steel, and aluminum,
was measured by an HVS-100 hardness tester, and the soft materials of PDMS, silicone, and wood
were measured by Shore Durometer (Handpi LXA, Wenzhou, China), which is applicable to colloid
and fabric materials. The average roughness and hardness were obtained by calculating the mean of
five measurements for each material. All of these physical properties are listed in Tables 1 and 2.

3. Result and Discussion

3.1. Tactile Perception of Glass, Aluminum, Silicone, and Pig Skin

In this section, one 200 mesh sandpaper ground glass sample, one 600 mesh sandpaper ground
glass sample, and an initial glass sample were used to conduct the roughness-velocity test with a sliding
velocity range of 10-50 mm/s and a normal load of 200 mN, as shown in Figure 3a. The acceleration
signals and FFT spectral analysis of the 200 mesh ground glass sample are presented as a sample in
the first two columns. The data shows that the amplitude of the acceleration FFT peaks increased
and the whole frequency spectrum curves covered a larger area as the sliding velocity increased.
A similar trend was obtained on the 600 mesh ground and initial glass samples with increasing
sliding velocity. Comparing the FFT frequency spectrum of 200 and 600 mesh ground glass and the
initial glass at the same velocity, it shows that the frequency spectrum area decreases as a function of
surface roughness. Then, compared with the two smoother samples, the 200 mesh ground glass shows
the largest increasing rate of the frequency spectrum area with the sliding velocity increasing from
10 to 50 mm/s.

In comparing with the velocity test above, there are four columns of FFT data shown in Figure 3b,
which demonstrate a normal load test on four different materials: a 200 mesh ground glass, a 200 mesh
ground aluminum, a 200 mesh glass surface-molded silicone, and a virgin pig skin sample, respectively.
All of these samples were tested with a normal load increasing from 100 to 400 mN and a constant
velocity of 30 mm/s. The four columns of the FFT analysis for the glass, aluminum, silicone, and pig
skin samples show that the frequency spectrum area increases as the material hardness decreases, while
with an increasing normal load, soft samples, such as pig skin and silicone, increased in frequency
amplitude and spectrum area. The FFT data of the pig skin, which is the softest surface, presents
the largest frequency area among all of the materials. From a synthetic analysis of the data, which
is shown in Figure 3, it can be inferred that the sliding velocity changing the tactile perception test
can determine the surface roughness of the same, or various materials, and the quantified normal
load verifying the tactile perception test can distinguish between soft and hard materials. In order to
further investigate this proposed theory, a roughness tactile discrimination test and a hardness tactile
discrimination test were carried out.
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Figure 3. Glass, aluminum, silicone, and pig skin tactile perception (a) acceleration signal and frequency
analysis (fast Fourier transform (FFT)) of three different roughness glass samples as a function of
velocity ranging from 10 to 50 mm/s and a normal load equal to 200 mN; and (b) the frequency analysis
(FFT) of four different hardness materials as normal load increases from 100 to 400 mN and with a
sliding velocity equal to 30 mm/s.

3.2. Tactile Discrimination of Aluminum with Different Roughness

Six aluminum samples were ground by sandpapers of 60 to 1000 mesh with a commercial sander,
respectively, as shown in Figure 4a. The surface roughness of these three samples were measured,
as shown in Table 1. We specifically tested the possibility of surface roughness tactile discrimination
by vibration frequency spectra generated by a fingerprint-patterned artificial fingertip reciprocatingly
sliding with increasing velocities. A normal load of 100 mN was applied to each roughness tactile
test with an increasing velocity from 10 to 50 mm/s. S(FFT) is the integral of the FFT frequency
spectra from 0 to 500 Hz. Then, a 3D map of the aluminum roughness tactile perception, including the
S(FFT), velocity, and mesh number of grinding as x, y, and z axes respectively, is shown in Figure 4b,
which presents a fall map of spiral distribution dots. This fall map may have great potential for tactile
perception studies on materials with different hardnesses as well. This figure shows the possibility of
roughness tactile discrimination based on the S(FFT) with increasing velocities, as the rougher surface
induced a wider range of S(FFT) values, such as the 60 mesh ground aluminum sample showing a
S(FFT) value range from 286 to 481 when the sliding velocity increases. However, smooth surfaces,
such as the 1000 mesh ground aluminum sample, produced a smaller range of S(FFT), from 267 to 321,
as shown in Figure 4b, Section 1. Then, the S(FFT) of each sample with increasing velocity is shown in
Figure 4c. It is obvious that the slopes of each curve for each sample are different, as a larger slope can
be expected for rougher surfaces.
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The slope values of these curves were defined as k;, based on the least-squares method, and are
listed in Table 1. There is a clear monotonic relationship between k; and the roughness. Therefore,
increasing the scanning velocity of a fingertip sliding on a solid surface could be a way to distinguish
a rough surface from a smooth one, and it would be a new approach for surface roughness tactile
discrimination as well. Furthermore, S(FFT), with an increasing normal load applied on the interface,
presents six flat curves, as shown in Figure 4d, which shows unobvious changes in S(FFT) with an
increasing normal load for all of the samples. As a result, the normal load will not affect the roughness

tactile discrimination by changing the sliding velocity.

Six aluminum samples with various roughness 3D map of Aluminum tactile perception by S(FFT)
(Mcroscaope image with scale = 100 pm ) (Aluminum with normal load = 100 mN)

Ra=0.368 ym 400 mesh

Ra=1.618 pm 60 mesh
B I el

; i

o
S
S

@
=]
S

>
S
S

o
o
Mesh number of grinding

=0.624 ym 200

T

220 mesh
PR

i

Roughness-normal load tactile perception

Roughness-velocity tactile perception
(Aluminum with normal load = 100 mN) (Aluminum with velocity = 30 mm/s)
600 600
—a—60 —a—60
——120 ——120
—A—220 —A—220
500 |. —¥—400 500 —¥—400
—4—800 —4—3800
—»—1000 —»—1000
& & —
o 400} L 400
) ’ %
3004 300}
c d
200 L L 200 1 1 ! 1
0 20 40 60 0 100 200 300 400 500

Velocity (mm/s) Normal load (mN)
Figure 4. Aluminum roughness tactile discrimination as a function of velocity and normal load.
(@) Microscope images of six aluminum surface topographies with various roughness; (b) three-dimensional
(BD) map of aluminum tactile perception by S(FFT) with a normal load equal to 100 mN;
(c) Roughness-velocity tactile perception as a function of velocity; (d) Roughness-normal load tactile

perception as a function of normal load.

Glass, aluminum, and silicone samples with three different surface roughnesses were obtained by
60, 200, and 1000 mesh grinding to guarantee a group of samples with comparable surface roughness
and various hardness. An S(FFT) analysis for each sample as a function of velocity and normal load was
studied, as shown in Figure 5. It was found that, for the data of S(FFT), with an increasing normal load
for each material, the slope of the curves, which was defined as k, based on the least-square method,
remained constant for the different surfaces’ roughness. However, it is also obvious that, for softer
surfaces such as silicone, the k;, is much larger, and for the data of S(FFT) with increasing velocity for
each material, the slope of the curve k; increased for rougher surfaces. It can be inferred that k, and k;,
are independent from each other and related to the surface roughness and hardness, respectively.
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Figure 5. Glass, aluminum, and silicone roughness and hardness tactile perception as a function of
velocity and normal load.

3.3. Tactile Discrimination of PDMS with Different Hardness

In the hardness tactile perception test, to further verify the k;, value being able to distinguish
material hardness, five PDMS samples were manufactured by different mass ratios of PDMS/ curing
agent (numbered from n1 to n5) to obtain five different hardnesses, and were tested under increasing
velocity and normal load, respectively. All of the PDMS samples were identically patterned, and
thus had the same surface roughness. The test was firstly taken with the scanning velocity varying
from 10 to 30 mm/s and a fixed normal load of 100 mN. Then, it continued with the normal load
varying from 100 to 400 mN and a fixed scanning velocity of 30 mm/s. The hardness of each sample
was tested and is shown in the inset of Figure 6a, which shows an increasing hardness from n1 to n5.
The S(FFT) with increasing velocity for the five samples is shown in Figure 6a, while the S(FFT) with
an increasing normal load for the five samples is shown in Figure 6b. It is obvious that the slope of the
curves in Figure 6a remains constant, which is related to the same roughness of the five samples while
it increases. The relationship between the tested hardness and the obtained k;, is shown in Figure 6c.
It proves that k;, could be a key parameter to distinguish material hardness, and the softer materials
generated higher k;, values.
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Figure 6. PDMS hardness tactile perception as a function of velocity and normal load.
(a) Hardness-velocity tactile perception with the normal load equal to 100 mN; (b) Hardness-normal
load tactile perception with velocity equal to 30 mm/s; (c) The correlation between PDMS hardness
and ky, values.

3.4. Common Materials” Roughness and Hardness Tactile Discrimination

In this section, eight common materials were tested and analyzed to carry out a new method of
distinguishing materials by roughness and hardness tactile perception. The materials, such as common
glass, PMMA, EP, PDMS, silicone, aluminum, and wood, as shown in Figure 7, were chosen as samples
according to the variety of surface roughness and material hardness. The roughness and the hardness
of all of the samples were first measured and then tested by an artificial fingertip with an increased
scanning velocity and normal load. The measured roughness, hardness, k;, and k;, of all of the samples
are shown in Figure 8. The roughness and hardness parameters are listed in Table 2.

The first quadrant in Figure 8 shows the relationship between the measured R, and the obtained
ky for each sample. The sigmoidal-logistic fitting curve presents a non-linear relationship, which is
counterevidence that tactile perception was not only influenced by surface roughness, but other factors,
such as material hardness. The third quadrant shows the relationship between the measured hardness
and the obtained k;, for each sample: an increasing trend of k, can be obtained with increasing R,,
while a decreasing trend of k;, can be obtained with increasing hardness, which is in agreement with
the previous tests.

Glass PMMA ER PDMS
Silicone Stainless Aluminum Wood
10mm
e

Figure 7. Schematic of eight common materials with various roughness and hardness.
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Figure 8. Cross-quadrant map of eight common materials’ tactile discrimination by traditional surface
roughness, material hardness, and our new approach of k, and k, values.

The second quadrant in Figure 8 shows the measured roughness and hardness that can be used for
distinguishing samples of different materials. The area covered by the error bars of the measured values
of hardness and roughness means the points inside probably indicate a certain sample. However, it is
obvious that some of these areas for each sample overlap with each other, such as silicone and PDMS,
and PMMA and EP, which demonstrates the shortcoming of this material discrimination method based
on roughness and hardness parameters: it cannot determine which sample it is if the data is in the
superposed area. Furthermore, the hardness of soft materials, such as PDMS, silicone, and wood,
were measured by a Shore-A hardness tester and marked with red rings, while all of the other materials’
hardnesses were obtained by Vickers hardness (HV). So, it is difficult to distinguish soft materials from
hard ones according to a simple parameter. Thus, the traditional method of material discrimination
has difficulty in distinguishing between two similar materials, which requires a great deal of effort and
time as well.

In comparison, in the fourth quadrant of Figure 8, a new tactile discrimination method is
performed by using the obtained values of k, and k. It is obvious that, for these eight samples,
all the areas covered by the error bars for each sample are separate from each other, which shows
excellent performance for tactile discrimination. Furthermore, k;, can be used to represent the hardness
of all of these samples, including the hard ones and the soft ones, which is an obvious advantage as
compared with the normal hardness measurements, which are different and incomparable for soft and
hard materials.

4. Conclusions

In this paper, the tactile perception of various materials was investigated. Tactile discriminations
of roughness and hardness are proposed with an artificial fingertip sliding on the surface of materials
with various scanning velocities and normal loads. Friction-induced vibration signals were measured
and the frequency spectral integral S(FFT) were calculated to determine k, and k; values as the
changing rate of the S(FFT) with increasing sliding velocity and normal load, respectively. It was found
that k, and k;, are monotonically related to the roughness and hardness of the surface, respectively.
Eight common materials of glass, stainless steel, aluminum, PMMA, EP, PDMS, silicone, and wood
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were investigated. The proposed method to determine the materials’ tactile discrimination based on the
values of k; and k;, is more accurate and efficient compared to the traditional material discrimination
method based on the measurement of surface roughness and hardness.

This study provides an insight into material tactile discrimination by artificial fingertip sliding
against a reciprocating surface at various sliding velocities and normal loads. Such studies should help
in tactile sensor development and humanoid robot sensing technologies.

Acknowledgments: This research was supported by National Natural Science Foundation of China (Grant Nos.
61703122 and 51505108). The authors also thank all colleagues in the lab for instrumentation support,
Wenting Kong for assistance in data analysis, and Yifan Li for reading and editing the paper.

Author Contributions: S.D. designed and performed experiments, analyzed the data, completed the theoretical
analysis and wrote the paper. Y.P. discussed the experiments, analyzed the data, helped with the theoretical
analysis and wrote the paper, X.Z. and M.T. discussed the experiments and helped with the theoretical analysis
and completed revising the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gueorguiev, D.; Bochereau, S.; Mouraux, A.; Hayward, V.,; Thonnard, J.L. Touch uses frictional cues to
discriminate flat materials. Sci. Rep. 2016, 6, 25553. [CrossRef] [PubMed]

2. Morley, ].W.; Goodwin, A.W.; Darian-Smith, I. Tactile discrimination of gratings. Exp. Brain Res. 1983, 49,
291-299. [CrossRef] [PubMed]

3.  Srinivasan, M.A.; Whitehouse, ].M.; Lamotte, R.H. Tactile detection of slip: Surface microgeometry and
peripheral neural codes. . Neurophysiol. 1990, 63, 1323-1332. [PubMed]

4. Hollins, M.; Risner, S.R. Evidence for the duplex theory of tactile texture perception. Percept. Psychophys.
2000, 62, 695-705. [CrossRef] [PubMed]

5. Hertenstein, M.].; Weiss, S.J. The Handbook of Touch: Neuroscience, Behavioral, and Health Perspectives, 1st ed.;
Springer: Berlin, Germany, 2011; pp. 226-230.

6.  Scheibert, J.; Debrégeas, G. The role of fingerprints in the coding of tactile information probed with a
biomimetic sensor. Science 2009, 323, 1503-1506.

7.  Fagiani, R.; Massi, F.; Chatelet, E.; Berthier, Y.; Akay, A. Tactile perception by friction induced vibrations.
Tribol. Int. 2011, 44, 1100-1110. [CrossRef]

8.  Wandersman, E.; Candelier, R.; Debrégeas, G.; Prevost, A. Texture-induced modulations of friction force:
The fingerprint effect. Phys. Rev. Lett. 2011, 107, 164301. [CrossRef] [PubMed]

9.  Cauna, N. Nature and functions of the papillary ridges of the digital skin. Anat. Rec. 1954, 119, 449-468.
[CrossRef] [PubMed]

10. Dabhiya, R.S.; Metta, G.; Valle, M.; Sandini, G. Tactile sensing: From humans to humanoids. IEEE Trans. Robot.
2010, 26, 1-20. [CrossRef]

11. Delmas, P.; Hao, J.; Rodatdespoix, L. Molecular mechanisms of mechanotransduction in mammalian sensory
neurons. Nat. Rev. Neurosci. 2011, 12, 139-153. [CrossRef] [PubMed]

12.  Dargahi, J.; Najarian, S. Human tactile perception as a standard for artificial tactile sensing—A review. Int. J.
Med. Robot. Comput. Assist. Surg. 2004, 1, 23-35. [CrossRef] [PubMed]

13. Graz, I; Krause, M.; Bauer-Gogonea, S.; Bauer, S.; Lacour, S.P; Ploss, B.; Zirkl, M.; Stadlober, B.; Wagner, S.
Flexible active-matrix cells with selectively poled bifunctional polymer-ceramic nanocomposite for pressure
and temperature sensing skin. J. Appl. Phys. 2009, 106, 034503. [CrossRef]

14. Ding, S.; Bhushan, B. Tactile perception of skin and skin cream by friction induced vibrations. J. Colloid
Int. Sci. 2016, 481, 131-143. [CrossRef] [PubMed]

15. Someya, T.; Kato, Y.; Sekitani, T.; Iba, S.; Noguchi, Y.; Murase, Y.; Kawaguchi, H.; Sakurai, T. Conformable,
flexible, large-area networks of pressure and thermal sensors with organic transistor active matrixes.
Proc. Natl. Acad. Sci. USA 2005, 102, 12321-12325. [CrossRef] [PubMed]

16. Kim, D.H.; Lu, N.,; Ma, R,; Kim, Y.S.; Kim, RH.; Wang, S.; Wu, J.; Won, SM.; Tao, H.; Islam, A_; et al.
Epidermal electronics. Science 2011, 333, 838-843. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/srep25553
http://www.ncbi.nlm.nih.gov/pubmed/27149921
http://dx.doi.org/10.1007/BF00238588
http://www.ncbi.nlm.nih.gov/pubmed/6832261
http://www.ncbi.nlm.nih.gov/pubmed/2358880
http://dx.doi.org/10.3758/BF03206916
http://www.ncbi.nlm.nih.gov/pubmed/10883578
http://dx.doi.org/10.1016/j.triboint.2011.03.019
http://dx.doi.org/10.1103/PhysRevLett.107.164301
http://www.ncbi.nlm.nih.gov/pubmed/22107386
http://dx.doi.org/10.1002/ar.1091190405
http://www.ncbi.nlm.nih.gov/pubmed/13283320
http://dx.doi.org/10.1109/TRO.2009.2033627
http://dx.doi.org/10.1038/nrn2993
http://www.ncbi.nlm.nih.gov/pubmed/21304548
http://dx.doi.org/10.1002/rcs.3
http://www.ncbi.nlm.nih.gov/pubmed/17520594
http://dx.doi.org/10.1063/1.3191677
http://dx.doi.org/10.1016/j.jcis.2016.07.034
http://www.ncbi.nlm.nih.gov/pubmed/27474814
http://dx.doi.org/10.1073/pnas.0502392102
http://www.ncbi.nlm.nih.gov/pubmed/16107541
http://dx.doi.org/10.1126/science.1206157
http://www.ncbi.nlm.nih.gov/pubmed/21836009

Sensors 2017, 17, 2748 13 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Yeo, WH.; Kim, Y.S,; Lee, J.; Ameen, A,; Shi, L.; Li, M.; Wang, S.; Ma, R.; Jin, S H.; Kang, Z; et al.
Multi-functional electronics: Multifunctional epidermal electronics printed directly onto the skin. Adv. Mater.
2013, 25, 2772. [CrossRef]

Pan, L.; Chortos, A.; Yu, G.; Wang, Y.; Isaacson, S.; Allen, R.; Shi, Y.; Dauskardt, R.; Bao, Z. An ultra-sensitive
resistive pressure sensor based on hollow-sphere microstructure induced elasticity in conducting polymer
film. Nat. Commun. 2014, 5, 3002. [CrossRef] [PubMed]

Xu, L.; Gutbrod, S.R.; Bonifas, A.P; Su, Y,; Sulkin, M.S; Lu, N.; Chung, H.J.; Jang, K.I; Liu, Z.; Ying, M.; et al.
3D multifunctional integumentary membranes for spatiotemporal cardiac measurements and stimulation
across the entire epicardium. Nat. Commun. 2014, 5, 3329. [CrossRef] [PubMed]

Cabboi, A.; Putelat, T.; Woodhouse, J. The frequency response of dynamic friction: Enhanced rate-and-state
models. J. Mech. Phys. Sol. 2016, 92, 210-236. [CrossRef]

Yang, T,; Xie, D.; Li, Z.; Zhu, H. Recent advances in wearable tactile sensors: Materials, sensing mechanisms,
and device performance. Mater. Sci. Eng. R Rep. 2017, 115, 1-37. [CrossRef]

Bensmaia, S.J.; Hollins, M. The vibrations of texture. Somatosens. Mot. Res. 2003, 20, 33-43. [CrossRef]
[PubMed]

Manfredi, L.R.; Saal, H.P,; Brown, K.J.; Zielinski, M.C.; Polashock, V.S.; Bensmaia, S.J. Natural scenes in tactile
texture. J. Neurophys. 2014, 111, 1792-1802. [CrossRef] [PubMed]

Schwarz, C. The slip hypothesis: Tactile perception and its neuronal bases. Trends Neurosci. 2016, 39, 449-462.
[CrossRef] [PubMed]

Zahouani, H.; Vargiolu, R.; Boyer, G.; Pailler-Mattei, C.; Laquieze, L.; Mavon, A. Friction noise of human
skin in vivo. Wear 2009, 267, 1274-1280. [CrossRef]

Ho, H.N.; Jones, L.A. Contribution of thermal cues to material discrimination and localization.
Percept. Psychophys. 2006, 68, 118-128. [CrossRef] [PubMed]

Tiest, WM.; Kappers, A.M. Tactile perception of thermal diffusivity. Atten. Percept. Psychophys. 2009, 71,
481-489. [CrossRef] [PubMed]

Thieulin, C.; Pailler-Mattei, C.; Vargiolu, R.; Lancelot, S.; Zahouani, H. Study of the tactile perception of
bathroom tissues: Comparison between the sensory evaluation by a handfeel panel and a tribo-acoustic
artificial finger. Colloids Surf. B Biointerfaces 2016, 150, 417-425. [CrossRef] [PubMed]

Skedung, L.; Arvidsson, M.; Chung, ].Y.; Stafford, C.M.; Berglund, B.; Rutland, M.W. Feeling small: Exploring
the tactile perception limits. Sci. Rep. 2013, 3, 2617. [CrossRef] [PubMed]

Connor, C.E.; Johnson, K.O. Neural coding of tactile texture: Comparison of spatial and temporal mechanisms
for roughness perception. J. Neurosci. Off. J. Soc. Neurosci. 1992, 12, 3414-3426.

Klatzky, R.L.; Lederman, S.J. Tactile roughness perception with a rigid link interposed between skin and
surface. Percept. Psychophys. 1999, 61, 591-607. [CrossRef] [PubMed]

Hollins, M.; Bensmaia, S.J.; Washburn, S. Vibrotactile adaptation impairs discrimination of fine, but not
coarse, textures. Somatosens. Mot. Res. 2001, 18, 253-262. [CrossRef] [PubMed]

Avilés, ].M.; Muiioz, EM.; Kleinbohl, D.; Sebastian, M.; Jiménez, S.B. A new device to present textured stimuli
to touch with simultaneous EEG recording. Behav. Res. Methods 2010, 42, 547-555. [CrossRef] [PubMed]
Delhaye, B.; Hayward, V.; Lefevre, P.; Thonnard, J.L. Texture-induced vibrations in the forearm during tactile
exploration. Front. Behav. Neurosci. 2012, 6, 37. [CrossRef] [PubMed]

Breitwieser, C.; Kaiser, V.; Neuper, C.; Miiller-Putz, G.R. Stability and distribution of steady-state
somatosensory evoked potentials elicited by vibro-tactile stimulation. Med. Biol. Eng. Comput. 2012,
50, 347-357. [CrossRef] [PubMed]

Libouton, X.; Barbier, O.; Berger, Y.; Plaghki, L.; Thonnard, J.L. Tactile roughness discrimination of the finger
pad relies primarily on vibration sensitive afferents not necessarily located in the hand. Behav. Brain Res.
2012, 229, 273-279. [CrossRef] [PubMed]

Weber, A.IL; Saal, H.P; Lieber, ].D.; Cheng, ] W.; Manfredi, L.R.; Dammann, J.F.; Bensmaia, S.J. Spatial and
temporal codes mediate the tactile perception of natural textures. Proc. Natl. Acad. Sci. USA 2013, 110,
17107-17112. [CrossRef] [PubMed]

Tang, W.; Zhang, J.; Chen, S.; Chen, N.; Zhu, H.; Ge, S.; Zhang, S. Tactile perception of skin and skin cream.
Tribol. Lett. 2015, 59, 24. [CrossRef]

Moungou, A.; Thonnard, J.L.; Mouraux, A. EEG frequency tagging to explore the cortical activity related to
the tactile exploration of natural textures. Sci. Rep. 2016, 6, 20738. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/adma.201370133
http://dx.doi.org/10.1038/ncomms4002
http://www.ncbi.nlm.nih.gov/pubmed/24389734
http://dx.doi.org/10.1038/ncomms4329
http://www.ncbi.nlm.nih.gov/pubmed/24569383
http://dx.doi.org/10.1016/j.jmps.2016.03.025
http://dx.doi.org/10.1016/j.mser.2017.02.001
http://dx.doi.org/10.1080/0899022031000083825
http://www.ncbi.nlm.nih.gov/pubmed/12745443
http://dx.doi.org/10.1152/jn.00680.2013
http://www.ncbi.nlm.nih.gov/pubmed/24523522
http://dx.doi.org/10.1016/j.tins.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27311927
http://dx.doi.org/10.1016/j.wear.2009.03.007
http://dx.doi.org/10.3758/BF03193662
http://www.ncbi.nlm.nih.gov/pubmed/16617836
http://dx.doi.org/10.3758/APP.71.3.481
http://www.ncbi.nlm.nih.gov/pubmed/19304639
http://dx.doi.org/10.1016/j.colsurfb.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27842928
http://dx.doi.org/10.1038/srep02617
http://www.ncbi.nlm.nih.gov/pubmed/24030568
http://dx.doi.org/10.3758/BF03205532
http://www.ncbi.nlm.nih.gov/pubmed/10370330
http://dx.doi.org/10.1080/01421590120089640
http://www.ncbi.nlm.nih.gov/pubmed/11794728
http://dx.doi.org/10.3758/BRM.42.2.547
http://www.ncbi.nlm.nih.gov/pubmed/20479186
http://dx.doi.org/10.3389/fnbeh.2012.00037
http://www.ncbi.nlm.nih.gov/pubmed/22783177
http://dx.doi.org/10.1007/s11517-012-0877-9
http://www.ncbi.nlm.nih.gov/pubmed/22399162
http://dx.doi.org/10.1016/j.bbr.2012.01.018
http://www.ncbi.nlm.nih.gov/pubmed/22265887
http://dx.doi.org/10.1073/pnas.1305509110
http://www.ncbi.nlm.nih.gov/pubmed/24082087
http://dx.doi.org/10.1007/s11249-015-0540-3
http://dx.doi.org/10.1038/srep20738
http://www.ncbi.nlm.nih.gov/pubmed/26853820

Sensors 2017, 17, 2748 14 of 14

40.

41.

42.

43.

44.

45.

46.

Tang, W.; Bhushan, B. Adhesion, friction and wear characterization of skin and skin cream using atomic
force microscope. Colloids Surf. B Biointerfaces 2010, 76, 1-15. [CrossRef] [PubMed]

Kandel, E.; Schwartz, J.; Jessell, T. Principles of Neural Science, 5th ed.; McGraw-Hill: New York, NY, USA,
2000; pp. 430-450.

Kappers, A.M. Human perception of shape from touch. Phil. Trans. R. Soc. Lond. 2011, 366, 3106-3114.
[CrossRef] [PubMed]

Park, J.; Kim, M.; Lee, Y.; Lee, H.S.; Ko, H. Fingertip skin-inspired microstructured ferroelectric skins
discriminate static/dynamic pressure and temperature stimuli. Sci. Adv. 2015, 1, e1500661. [CrossRef]
[PubMed]

Jofre-Reche, J.A.; Pulpytel, J.; Fakhouri, H.; Arefi-Khonsari, F.; Martin-Martinez, ].M. Surface treatment of
polydimethylsiloxane (pdms) with atmospheric pressure rotating plasma jet modeling and optimization of
the surface treatment conditions. Plasma Processes Polym. 2016, 13, 459-469. [CrossRef]

Thomson, W.T. Theory of Vibration with Applications, 2nd ed.; Prentice-Hall: Upper Saddle River, NJ, USA,
2005; pp- 786-791.

Bendat, ].S.; Piersol, A.G. Random Data, 4th ed.; Wiley: New York, NY, USA, 2010; pp. 465-476.

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.colsurfb.2009.09.039
http://www.ncbi.nlm.nih.gov/pubmed/19879737
http://dx.doi.org/10.1098/rstb.2011.0171
http://www.ncbi.nlm.nih.gov/pubmed/21969692
http://dx.doi.org/10.1126/sciadv.1500661
http://www.ncbi.nlm.nih.gov/pubmed/26601303
http://dx.doi.org/10.1002/ppap.201500118
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material Tactile Discrimination 
	Objective of the Paper 

	Experimental 
	Material Preparation and Method 
	Experimental Apparatus and Procedure 

	Result and Discussion 
	Tactile Perception of Glass, Aluminum, Silicone, and Pig Skin 
	Tactile Discrimination of Aluminum with Different Roughness 
	Tactile Discrimination of PDMS with Different Hardness 
	Common Materials’ Roughness and Hardness Tactile Discrimination 

	Conclusions 

