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Abstract— To realize a telepresence system with tactile feedback and force feedback, real-time estimation of various tactile
sensation must be conducted. Because several types of tactile
sensation consist in touch and human tactile feeling has high
time resolution. A man feels active touch extraordinary with
time delayed transmission of tactile information. Our proposing
human ﬁnger mimetic sensor covers three tactile factors, which
are roughness, softness and friction of objects to touch. Current
tactile telepresence systems represent just one tactile sensation
in addition to kinesthetic information. For augmented reality,
wider tactile factors must be sensed at a tactile sensor system and
transferred to a tactile display system with small time delay. We
realized quick estimation of vibrational frequencies of the sensor
and softness of objects to regenerate touch feelings to human skin
by tactile displays, which usually need time-consuming samples
and make it hard to address tactile telepresence system. Quick
estimation of vibrational frequency was conducted by emulating
impulse emission of Meissner’s corpuscles. Quick estimation of
Young’s modulus of objects was solved by computing strain
distribution in a sensor.

I. I NTRODUCTION
Tactile telepresence system is expected to realize the palpation in minimally invasive diagnosing, training from experts of
ﬁne art by sharing tactile sensation and robotic manipulation
like grasp with small grip force and automation of the other
industries which needs human tactile perceptions and handling.
Studies of tactile telepresence systems which include all of
sensing, transmission and representation of tactile sensation
have been seen for some purposes. Tactile telepresence system
consists of a tactile display and a tactile sensor. In addition to
conventional telepresence systems with kinesthetic feedback,
tactile telepresence system regenerates tactile information like
roughness, friction sensation and softness of objects by tactile
displays based on estimated tactile factors by a tactile sensor.
Robotic palpation systems [1] [2] were aimed at locating
nodules on organs and able to represent a pressure distribution
to a ﬁngertip. A master-slave system to transmit roughness
sensation in rubbing motion was reported [3]. Control of
a contact area between a ﬁngertip and a tactile display to
distinguish objects of different Young’s modulus based on a
sensed or estimated contact area were reported [4] [5]. All of
these telepresence system sensed tactile factors of objects and
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installed tactile displays to present transferred factors, neither
in a virtual way nor just force representation. But existing
telepresence systems cover only one tactile sensations, like a
pressure distribution, roughness or softness of objects to touch
and objects’ properties must be identiﬁed beforehand because
their estimation requires time, which complicates practical use.
There are no tactile sensors to cover the whole various human tactile perceptions. So far have reported studies of sensing
of pressure distributions in a ﬁngertip-size area, detection of
incipient slippage [6] and widely distributable pressure sensors
for robots’ skin [7] and so on. Because they can be considered
most important tactile information for robotic assembly, grasp,
handling of the objects or home robots as partners of humans.
Contemporary tactile sensors are far from adequate for human
to obtain objects’ texture which is classiﬁed into four factors
on material determination as roughness, temperature, friction
and softness of objects [8]. In this paper physical parameters
that could cause these four types of sensation are named tactile
factors. The tactile factors are sensed or estimated individually
at a tactile sensor system and transfered to a tactile display
system.
High time resolution of human tactile sensation must be
contemplated. Human recognition of tactile information have
quick time response of less than 1[msec]. Quick estimation and
transmission of tactile factors are also required to implement
tactile telepresence systems. If not for quick response when a
man rubbed objects, it would lack reality and unnatural feeling
would be sensed to him.
Hence, necessary conditions of tactile telepresence system
are listed as;
1. tactile display to present various tactile factors,
2. tactile sensor to obtain various tactile factors and
3. quick estimation of tactile factors.
We have already overcome condition 1. via ICPF tactile
display [9] and condition 2. and 3. are achieved by human
ﬁnger mimetic tactile sensor [10] using methods described in
this paper.
ICPF tactile display is formed by array of ICPF actuators, which can stimulate man ﬁnger skin and cause internal
deformation to the skin. ICPF actuators can be performed
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in enough of broad frequency (0 – 200[Hz]) to correspond
to three kinds of tactile mechanoreceptors, Merkel’s discs,
Meissner’s Corpuscles, Pacinian Corpuscles. We proposed the
method to synthesize three tactile factors, softness, roughness
and friction by ICPF tactile display [9].
Human ﬁnger mimetic tactile sensor emulates the physical
structure of a man ﬁnger. This sensor covers three tactile sensations, roughness, softness and friction of objects. Roughness
sensation can be thought to compose of the vibratory frequency and intensity of applied stimulus to the skin. Especially
vibrational frequencies take time to be computed by Fourier
transformation and identiﬁcation of Young’s modulus usulally
needs time series relationships between reaction force and
normal displacement. New methods for real-time estimation
of vibrational frequency and softness are needed to satisfy the
condition 3.
In this paper, ﬁrstly the basic speciﬁcations of human ﬁnger
mimetic tactile sensor is described, followed by real-time
estimation of vibrational frequency of the sensor by emulating
Meissner’s ccorpuscles’ impulse emission, followed by realtime estimation of Young’s modulus using strain distribution
in a sensor are described.
II. H UMAN F INGER M IMETIC TACTILE S ENSOR [10]
Human ﬁnger mimetic tactile sensor emulates physical
structure of a man ﬁnger. The idea of this sensor is that human
mimetic sensor may be able to sense various tactile factors
quick like humans although its precision may not be accurate.
Fig.1 illustrates a schema of the sensor. The sensor is made
up of a hard silicon rubber outer layer, a soft inner layer and
an acrylic base as a bone of a human ﬁnger. The surface of a
sensor is covered with lots of small lumps emulating dermal
ridges of a man ﬁnger. Five strain gauges are embedded and
each of them is placed on the bound between an outer layer
and an inner layer, just as Meissner’s Corpuscles are found on
the bound between soft fat tissue and a hard outer epidermis
of a man ﬁnger. It is also known that when force is applied
to the surface of a sensor stress distribution is concentrated
around this boundary region most likely.
So far we veriﬁed that the frequency of sensor tissue’s
vibration could be computed by Fourier transformation when
a sensor is rubbed against a rough object at a ﬁxed speed, and
a variance of the ﬁve gauges’ output reﬂects softness of the
object to touch. And also static and dynamic friction can be
obtained by a torque sensor installed on the base of a sensor
[10].

Fig. 1.

Human ﬁnger mimetic sensor [10]

III. R EAL - TIME E STIMATION OF V IBRATIONAL
F REQUENCY U SING H UMAN F INGER M IMETIC S ENSOR
Most of the existing tactile displays generate vibratory
stimulus to the skin of a ﬁnger to represent roughness sensation
[12]. Therefore tactile sensor must determine the frequency
of vibration to transfer. But generally computing frequency
elements by Fourier transformation takes so long time that
it makes tactile telepresence system lack the reality. Shorttime Fourier transformation (STFT) is a promising approach
concerning this purpose, but we conﬁrmed that STFT can not
deal with active touch because of some problems (elaborated
later). The vibrational frequency corresponding to roughness
sensation (0–100[Hz]) must be estimated as quick as possible
in other ways. Human ﬁnger mimetic tactile sensor may have
the capability of estimating vibrational frequency quickly by
using biomimetic algorithm.
Ohka’s method successfully detected a step of tens of micrometer using a tactile sensor for robots, which implied that
the methods of mimicking human mechanism for roughness
recognition is also effective for robotic tactile sensors [11].
Ohka’s method did not mean to estimate the vibrational frequency of stimulus. This section describes real-time estimation
of vibrational frequency by the method of mimicking impulse
emission of Meissner’s corpuscles.
A. Real-time Vibrational Frequency Estimation by the method
of Mimicking Impulse Emission of Meissner’s Corpuscles
Some physiological aspects are taken into account for
real-time vibrational frequency estimation by our methods.
Meissner’s corpuscles is said to affect on roughness recognition of humans. Meissner’s corpuscles responds to ﬁrst-order
differential of mechanical stimulus given to the skin. Impulse
is emitted by a neuron connected to Meissner’s corpuscles with
temporal stimulus change bigger than a certain threshold. If
another impulse is emitted before preceding one attenuates
completely, membrane potential is superimposed onto an old
signal. This effect is called time summation [11].
Next phenomena caused when a human ﬁnger mimetic
tactile sensor rubs a roughness sample are elaborated. Fig.2 (a)
shows output of a strain gauge, when the sensor horizontally
rubbed a roughness sample at a speed of 60[mm/sec]. There
were two grooves with width 1.5[mm] on a roughness sample.
The interval between two grooves was 1.5[mm]. In Fig.2 (a)
when the sensor touched the ﬁrst groove its output abruptly
increased and dropped down on contacting a ridge. On passing
the second groove sensor’s output changes as well as on
passing the ﬁrst groove.
Fig.2 (b) shows ﬁrst-order differential value of sensor’s
output (a). There were four spikes in Fig.2 (b) and each of
them was caused by begining of a groove or contact with a
ridge. Fig.2 (c) shows the emitted impulses when the ﬁrstorder differential values crosses over a threshold. The time
interval between impulses tells vibrational frequency. The time
interval between two impulses caused by two grooves was
0.050[sec]. A sensor moved at the speed of 60[mm/sec], 60
[mm/sec] × 0.050[sec]= 3.0[mm], which equals a distance of
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In an ideal condition impulse emission happens two times
for each groove on a sample, one emission should be emitted
when a sensor enters a groove, the other one should be emitted
when a sensor contacts a ridge. The vibrational frequency of
a sensor f (t) is (3).
c(t)
(3)
2a
Spatial wavelength of the object’s surface to touch at t,
λ(t), is estimated as (4) where v(t) is velocity of sensor’s
rubbing motion. This estimation of λ(t) is important to realize
tactile telepresence systems cause communication band width
between a slave side and a master side is not always insured
in a real environment. Even when f (t) is not transmitted from
a slave side in a certain instant, a tactile displya system can
determine the vibrational frequency to represent to an operator
based on λ(t) and the velocity of touch motions.
f (t) =

λ(t) =

Fig. 2. Output of a strain gauge and ﬁrst-order differential value of it when
the human ﬁnger mimetic tactile sensor rubbed a roughness sample

two grooves. In this case the vibrational frequency of a sensor
is computed as 1/0.050=20[Hz]. Same story made sense when
using impulses resuled from contacts with ridges. This is the
basic principle to instantly estimate the vibrational frequency
of the sensor.
Real-time estimation of vibrational frequency is formulated
next. When (t) is the output of a strain gauge, x(t) denotes
absolute value of the ﬁrst-order differential value of (t) as
(1).
 d(t) 


(1)
x(t) = 

dt
p(t) denotes pulse emission at t. When x(t) crosses over a
threshold h, p(t) is set to p(t) = 1, which means impulse is
emitted, in other cases p(t) = 0. The condition of p(t) = 1 is
not x(t) > h. Only if x(t) crosses h upward then p(t) = 1.
This is slightly different from the ﬁring pattern of Meissner’s
corpuscles. But roughness recognition of humans is affected by
both of intensity and vibrational frequency of stimulus. How
much and how long x(t) exceeds h are ignored deliberately
to extract vibrational frequency in no regard to intensity of
perceived roughness.
Threshold value h is determined to be 1.5 times of a mean
value of x(t) of a certain period. This period is determined to
be 200[msec] in a heuristic way.
c(t) expresses a number of impulse emissions for a[sec]
from t as (2). a is 200[msec]. c(t) is pulse density.
 t
p(τ )dτ
(2)
c(t) =
t−a

|v(t)|2a
|v(t)|
=
f (t)
c(t)

(4)

B. Preliminary Evaluation of Wavelength Estimation
Here proposed method for real-time estimation of vibrational frequency is evaluated. In these experiments roughness
samples [13] characterized by groove width and ridge width
were used (Fig.3).

Fig. 3.

Roughness sample characterized by groove width and ridge width

All of these experiments were conducted with equipment in
Fig.4. A sensor was mounted on a vertical slide table. They
were fastened to a single-axis arm.

Fig. 4.

Experimental equipment

1) Wavelength Discrimination: λ(t) are shown in Fig.5
when a sensor rubbed the samples of spatial wavelength
3.0[mm], 2.4[mm], 1.8[mm], 1.2[mm] and 0.6[mm] at a ﬁxed
speed of 100[mm/sec] which is a natural speed of human
touch. λ(t) were estimated based on a vibrational frequency
of a tactile sensor f (t) at t. In Fig.5 sampless of different
wavelength were discriminated and each of wavelengths was
identiﬁed unique to some extent. For instance, looking at λ(t)
of a roughness sample (GW,RW)=(1.5mm,1.5mm) , its wavelength was 3.0[mm] then wavelength of it was not estimated
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precisely but it is important that different objects can be judged
to be different when being touched in a same condition.

Fig.7 (b) indicates that f (t) was estimated with time delay of
about 100[msec], no matter whether a touch motion was quick
or slow. Fig.7 (c) shows λ(t) derived by λ(t) = v(t)/f (t).
λ(t) was estimated more precisely when v(t) is quick than
slow as well as humans’ roughness recognition works.

Fig. 5. Estimated spatial wavelengths of roughness samples λ(t) when a
sensor rubbed them at a ﬁxed speed of 100[mm/sec]

2) Robustness evaluation against vertical displacement:
A tactile sensor for a tactile telepresence system has to be
robust against the vertical displacement changes to objects to
touch or should not be under the inﬂuence of reaction force
from objects. Fig.6 shows λ(t) of roughness samples when the
sensor pressed itself to the sampless with vertical displacement
d from 0.20[mm] up to 0.80[mm]. As a sensor was just in
contact with the object, d was 0[mm]. Reaction force from the
object toward the sensor was 0.70[g] when d was 0.2 and when
d was 0.8 reaction force was 38.37[g]. Two roughness samples
used in this experiment were (GW,RW)=(1.5mm,1.5mm) and
(GW,RW)=(0.3mm,0.3mm). In Fig.6 these two samples were
judged completely different with different vertical displacements.

Fig. 6. Estimated spatial wavelength λ(t) of two roughness samples with
different vertical displacements d

3) Robustness evaluation against velocity change: Tactile
sensors for telepresence system must work under active touch,
which is natural touch for humans. Changing velocity of
touch motion and high time resolution of humans’ tactile
recognition make it hard to reserve long sampling time for
the estimation of f (t). The velocity of a human’s natural
touch motion is about 1[Hz] and sinusoidal with the max
speed of about 100[mm/sec]. λ(t) of a roughness sample
(GW,RW)=(0.9mm,0.9mm) is shown in Fig.7 where the velocity of rubbing motion was natural one as shown in Fig.7 (a).

Fig. 7. Wavelength and vibrational frequency estimation under natural touch
motion

C. Comparison With STFT for Vibrational Frequency Estimation
STFT is typical of the real-time frequency estimation methods. We also considered to employ STFT but from some
experimental results some ﬂaws became clear. Fig.8 shows
the estimated frequency of the sensory vibration when a sensor
rubbed the sample (GW,RW)=(0.9mm,0.9mm) at a sinusoidal
velocity with max speed of 100[mm/sec]. Fig.8 (a) is the
estimated frequency by the proposed method, Fig.8 (b) is
estimated main frequencies by STFT with the window size
of 200[msec]. Both methods could estimate the vibrational
frequencies with time delay of about 100[msec]. But the
shape of the estimated frequency by the proposed method
was more similar to the theoretical vibrational frequency than
STFT. Three problems about STFT were found, ﬁrstly STFT
took time to be computed and estimated frequency could be
refreshed about every 10[msec] as the proposed methods could
ﬁnish the estimation within 1[msec]. Secondly STFT could not
successfully extract the main frequencies while the vibrational
frequency changed drastically or the rubbing motion was
accelerated. Thirdly when a sensory vibrational frequency was
low the main frequency was hidden in a lower lobe and could
not be separated. STFT has the capability of specifying the
set of composed signals though, there is the more preference
in the proposed method for reasons above.
D. Vibrational Frequency Estimation by Time Interval Between Impulse Emissions
Fig.9 shows the estimated vibrational frequency, ft (t),
based on the time interval between two impulse emissions.

3584

Standard deviation of the ﬁve strain gauges’ output changes
when pressing it onto objects with different Young’s modulus
[10].
A. Hertz Contact Theory Underlying Real-time Softness Estimation Using Strain Distribution in the Sensor
According to Hertz contact theory, a contact of two spheres
of Young’s modulus Ef and Eo generates a circular contact
area A. Relative displacement of the two spheres are wf and
wo , a radius of two spheres is R, then (6) describes A.
Fig. 8. Comparison between the proposed method and STFT for vibrational
frequency estimation

ft (t) is computed as (5) where the time interval between two
impulse emissions at t is tv [sec].
1
ft (t) =
tv

A = πR(wf + wo )

The relationship between relative displacements and Young’s
modulus is (7).
wo = wf

Ef
Eo

(7)

By combining (6) and (7), we get (8).
A
Ef
= πR(1 +
)
wf
Eo

(5)

In Fig.9, there was a ﬂicker in the estimated values, it was
noisy. This tells the algorithm from physiological aspects is
effective to make estimated vibrational frequency robust.

(6)

(8)

Human ﬁnger mimetic tactile sensor cannot obtain the
contact area A and relative displacement wf directly, but the
numerical trend of wf /A resembles it of the standard deviation
of the output of ﬁve strain gauges. Fig.10 illustrates the contact
between a sensor and a soft object and a hard object. As the
Young’s modulus of an object to touch Eo is larger, the contact
area A is smaller and the standard deviation becomes larger. As
Eo is smaller, A is large and the standard deviation becomes
smaller. Thus the standard deviation of sensory output can be
used to estimate the Young’s modulus of objects.

Fig. 9. Estimated vibrational frequency based on the time interval between
impulse emissions

IV. R EAL - TIME E STIMATION OF YOUNG ’ S M ODULUS OF
O BJECT U SING S TRAIN D ISTRIBUTION IN A S ENSOR

THE

In robotics to obtain the Young’s modulus of an unknown
object, a set of time-series information of relative displacement
between a sensor and an object and reaction force from an
object is usually required. This method has a few ﬂaws. One
is that this method is time-consuming, and another is that
this method requires a tactile sensor system to have a sensor
apparatus to sense ﬁne relative displacement. It is said that a
man recognizes softness of the objects from both of kinesthetic
and contact information. Some tactile displays successfully
represented softness of objects by changing the contact area
between a ﬁnger and a display [4] [5]. As the contact area
changes, the stress distribution in a ﬁnger also changes and a
man may utilize it to know softness of objects quickly without
time delay. The human ﬁnger mimetic tactile sensor employs
this way to estimate Young’s modulus of objects.

Fig. 10. Distribution of reaction force and contact area of the sensor on
contacting with a hard and a soft object

B. Experimental Data Underlying Real-time Softness Estimation and Formulation
Fig.11 (a) is the plots of the standard deviation of ﬁve strain
gauges’ output and the reaction force applied to the sensor
when a sensor pressed three softness samples, and Fig.11 (b) is
a replot of (a) and it shows a relationship between the standard
deviation and Young’s modulus. Three silicon rubber objects
with different Young’s modulus were 0.72[MPa], 0.51[MPa]
and 0.089[MPa] softness samples. Fig.11 (a) shows the softness of three samples were discriminated by the standard
deviation in a reaction force range up to about 100[gf]. Fig.11
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(a)(b) implies that the standard deviation of the ﬁve strain
gauges’ output ,Sd , were primarily affected by the reaction
force from the object ,f , and Young’s modulus of the objects
,E. A regression curve of Sd involving f and E is (9). Young’s
modulus of the object is estimated by (10).

Fig. 11. Experimental results plots between standard deviation of the ﬁve
strain gauges’ output, reaction force from the object and Young’s modulus of
the objects

Sd = −0.0314f 2 + 14.5f + 87.2E 2 + 104.5E − 81.9

(9)


0.0115Sd + 0.00036f 2 − 0.166f + 1.3 − 0.6

(10)

E=
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V. C ONCLUSION
We could successfully estimated the three tactile factors
which are needed to regenerate tactile sensation using tactile
display for a tactile telepresence system, just by one sensor
apparatus. The vibrational frequency of stimulus was estimated
by mimicking Meissner’s corpuscles’ ﬁring and other related
physiological aspects. This proposed methods performed realtime estimation of the object’s spatial wavelength. Young’s
modulus of the objects were estimated instantly by the method
considering human’s softness recognition using strain distribution in a sensor. Friction occurring with touch can be sensed
by a torque sensor as a conventional robotic solution. We
are going to work on the realization of a tactile telepresence
system with various tactile sensation feedback.
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