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A multifunctional device to transfer graphical or text information for blind or visually impaired is presented. The prototype using
tactile perception has been designed where information displayed on the screen of electronic device (mobile phone, PC) is transferred by
oscillating needle, touching the fingertip. Having the aim to define optimal parameters of the fingertip excitation by needle, the computa-
tional analysis of different excitation modes has been carried out. A 3D solid computational finite element model of the skin segment,
comprising four main fingertip skin layers (stratum corneum, epidermis, dermis and hypodermis) was built by using ANSYS Workbench
FEA software. Harmonic analysis of its stress—strain state under excitation with different frequency (up to 10000 Hz) and harmonic force
(0.01 N), acting outer stratum corneum layer in normal direction at one, two or three points has been performed. The influence of the
mode of dynamic loading of skin was evaluated (in terms of the tactile signal level) on the basis of the normal and shear elastic strain in
dermis, where mechanoreceptors are placed. It is shown that the tactile perception of information, delivered by three vibrating pins, may

be influenced by configuration of excitation points (their number and phase of loading) and the frequency of excitation.
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1. Introduction

A lot of various applications exist today for blind
and visually impaired: acoustic signal generators and
special ground markers near road (zebra crossing),
special ground markers near dangerous spaces, Braille
texts and special marks (raised printing) on the
banknotes, blind people sticks, etc. Furthermore, there
is an increasing need to ensure blind or visually im-
paired to be able to use modern technologies: televi-
sion, computers, mobile phones and a lot of other
devices, which help share information and make life
more comfortable. First generation devices, helping to
transfer information for blind people, were inconven-
ient: they were big and clumsy, uncomfortable and not

mobile. In addition, they were mostly dedicated to
transfer only textual information. So to ensure their
up-to-date functionality (size and mass parameters,
simplicity, universality, etc.), the attempts to create
more sophisticated equipment started. For example,
a novel computer mouse was designed and patented
[1] and its testing started [2], [3], but it was dedicated
to computers controlled by mouse.

Such systems are not suitable for compact modern
devices as smartphones, PDA’s, etc., where even more
compact and light devices should be employed. Again,
they often may be materialized only by employment of
modern technologies, for example, piezoelectric mate-
rials. Piezoelectric actuators are widely used in differ-
ent fields of modern engineering, from microscopes to
systems for positioning objects with extreme accuracy.
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Fig. 1. Piezoelectric tactile device: (a) photo, (b) cross section scheme, (c) 3D model.
1 —body, 2 — needle, 3 — piezoelectric disc actuator, 4 — PC screen, 5 — finger, 6 — rubber ring [1]

A lot of such various purpose devices were developed
in Kaunas University of Technology, including multi-
functional tactile devices to convey graphical or text
information for blind person [4].

The piezoelectric thimble under research consists
of piezoelectric disk actuator with a tactile pin — nee-
dle in its center, assembled into a hollow disk shaped
body (Fig. 1a, b). It can be positioned on a blind per-
son’s fingertip with the help of the rubber ring, so that
the skin is always in contact with the needle (Fig. 1c).
The information about the environment (for example,
taken from PC or phone screen) can be transmitted by
oscillating needle, which affects the fingertip skin.

The oscillations of the needle in normal direction
to the skin surface are excited by piezoelectric actua-
tor, connected to signal generator controlled by proc-
essor, responding to the information displayed on the
screen of the device in the zone where the finger with
thimble touches it. Because of a huge variety of the
types of information, displayed on the screen of the
device (text, graphics, color, etc.) a lot of regimes of
fingertip skin excitation should be used to ensure
functionality of the device. Thus the computational
research of the fingertip skin—actuator pin interaction
has been initiated having the aim to verify the influ-
ence of the mode of dynamic loading (frequency of
excitation and the number of pins actuated in different
phases) on the tactile signal level, which is evaluated
by the intensity of normal and shear elastic strain in
dermis, where mechanoreceptors sensing normal and
shear loading of the skin are placed.

2 Materials and method

With the aim to define optimal parameters of the
fingertip excitation by needle (frequency of excita-
tion, number and combination of active needles,
etc.), a numerical simulation of piezoelectric thimble

needle—fingertip skin dynamic interaction at different
excitation modes has been carried out.

Human skin is a multi-layered structure consisting
of layers of epidermis, dermis and hypodermis (Fig. 2,
[51-[8]), having quite different material properties,
with mechanoreceptors reacting to the tactile signals,
affecting it. It is considered that mechanoreceptors
react to the normal and shear deformations (strain),
arising in skin around them. Meissner receptors (lo-
cated at the junction of dermis and epidermis) sense
the normal loading, and Ruffini receptors (located in
the midst-top layers of dermis) are responsible for the
shear sensing [7], [9]. Thus the response to a given
stimulus depends on the mechanical properties of the
skin and parameters of excitation.

Ruffini endings Meissner corpusculas

RN /\

Dermis

Epidermis
Stratum corneum

Hypodermis

Fig. 2. Human skin structure

The proposed tactile device for modeling requires
some specific data, namely — about the reaction of the
fingertip skin to vibrational excitation of its outer
layer (stratum corneum) surface. In the case described
the configuration (number and location) of the opera-
tor’s fingertip excitation points and the frequency of
the excitation have had to be evaluated.

Two types of problems were solved during nu-
merical investigation of fingertip skin:
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e static structural analysis of the skin affected by
reference force (serves for proving the correctness
of computational model);

e dynamic analysis of the skin segment — harmonic
response analysis showing the strain state of the
skin, arising under different modes of the har-
monic excitation).

The computational finite element model of the
skin was built and the investigation was performed by
the finite element analysis system ANSYS Work-
bench 14.0. The simplified 3D solid geometrical
model of the human finger skin segment (15 mm
length, 10 mm width, 6.0 mm thickness) was created
(Fig. 3) with no external and internal, interlayer,
ridges [6]. It consists of four rectangular parallelepi-
ped shaped layers: total 0.2 mm thick epidermis layer
(including 0.015 mm thick stratum corneum (external,
tectorial) layer), 1.3 mm dermis and 4.5 mm upper,
hypodermis (or subcutaneous tissue) layer. Three cir-
cle shaped areas of 1.0 mm in diameter (one in the
middle of the lower surface and two at a 2 mm dis-
tance from it along the longer side of the model) for
applying excitation were demarcated. It should be
noted that the eventual size of the model, used for
computations was defined after several attempts with
smaller models, which gave quite unstable results.
The measurements of skin segment were increased
insomuch that the results of computations become
practically independent of the size of model.

Fig. 3. Geometric model of the skin segment

On the basis of geometrical model two computa-
tional finite element models were built, representing
one half of geometric model described above (each
consisting of approximately 15000 tetrahedral (8-Node
Structural Solid) SOLID186 type finite elements
(~40000 nodes) having size from 0.05 to 1 mm (de-
pending on layer thickness, Fig. 4). Mechanical prop-
erties of the appropriate skin layers [6]-[8] are listed
in Table 1. For both static and harmonic response
analysis, a linear elastic description of material prop-
erties of skin layers was used because of very small

excitation signal level. In both cases the same bound-
ary conditions (fixation) were used. Hypodermis layer
was fixed immovably (“Fixed Support” boundary con-
dition, restraining all degrees of freedom of nodes), and
the side plain surfaces of all 4 layers, lying on the
symmetry plane of the model, were restrained by us-
ing “Frictionless support” boundary condition. It al-
lowed movement of nodes only in the symmetry
plane, therewith allowing deformations of the whole
model only in direction normal to the skin surface. In
this way the presence of the same material at the other
side of the symmetry plane was simulated, thus giving
adequate results of computation employing smaller
model and simplifying representation of the results of
computations.

0,007 (m) 4 |

Fig. 4. Finite element model of the skin segment

0 0,0035

0,0018 0,0053

Computational model for the static structural
analysis of the skin, “indented” by a 1 mm diameter
round cross-section pin, was supplied by static force,
acting the middle semi-circular area at the bottom
surface of stratum corneum layer of the model at nor-
mal direction (Fig. 5).

Six computational models for the dynamic har-
monic analysis were built, differing in the number,
location and phase of excitation force of the same size
and frequency, corresponding to the following types
of excitation of the fingertip skin by three tactile de-
vice pins (Fig. 5). A three number coding system is used
for identifying the type of excitation, where the “0”
means the absence of excitation on the corresponding
pin, “1” — normal phase excitation, and “—1” — 180°
phase (inverse direction) excitation:

1. Single pin (excitation applied to semi-circular area

at the center of the model) (code 010);

2. Two adjacent pins (center and the left semi-

circular areas) synchronically (code 110);

3. Three adjacent pins (all three semi-circular areas)

synchronically (code 111);

4. Two outermost pins (both outermost semi-circular

areas) synchronically (code 101);



138 R. BANSEVICIUS et al.

Harmonic Response
Frequency: 0, Hz

- Fixed Support
- Frictionless Support
[E] Force: 1,e-002 1

0 0,004

0,008 (m)
]

0,002 0,006

Fig. 5. Computational model of skin segment for static and dynamic (harmonic) structural analysis

5. All three pins (all three semi-circular areas), but
the middle one with a 180° phase (inverse direc-
tion) (code 1-11);

6. Two outermost pins (both outermost semi-circular
areas), but the right one with a 180° phase (inverse
direction) with regard to left one (code 10-1).

3. Results of computations

A linear static structural analysis of the fingertip skin
affected by static force, acting in normal direction, has
been performed considering the fact that a human being
senses 0.1-0.2 mm skin movement on the finger surface
[10]. Thus the size of force, inducing such a deformation
of the skin surface, had to be established as well as the
level of shear and normal strain, induced in dermis layer,
containing Ruffini and Meissner receptors. The simple
variational solution showed that the 0.01 N size force
ensures situation mentioned above (0.2 mm displace-
ment of fingertip skin surface) (Fig. 6). The shape and

Static Structural
Type: Total Deformation
Unit: m
Time: 1
0,00026283 Max
0,00023362
0,00020442
0,00017522
0,00014602
0,00011681
8,7609-5
5,8406e-5
2,9203e-5
0 Min

0 0,004

0,008 (m)

0,002 0,006

the depth of indentation are quite similar to the results
observable by simple experiments, thus validating the
computational model. Maximum level of normal (verti-
cal, Y direction) strain in the dermis reaches 0.1726, and
the maximum shear strain (horizontal, XZ plane)
— 0.0535 (both — on the bottom surface of dermis layer
directly above the indenter). Taking into account that
increment of intensity of excitation force will lead to
enlargement of size and correspondingly — power con-
sumption of the piezoelectric thimble, namely this size
of excitation force was used for further investigation.
The evaluation of the influence of regimes of skin
excitation by pins upon the fingertip skin tactile per-
ception is performed by means of comparative har-
monic dynamic analysis of the stress-strain state of the
model, representing fingertip skin segment, effected
by harmonically varying force (amplitude 0.01 N and
frequency up to 10000 Hz, with a step of 250 Hz),
acting at the zones of location of three pins of tactile
device. Damping during dynamic analysis was speci-
fied as “Constant (modal) Damping Ratio”, equal
to 0.3 [7]. The magnitude and character of normal and

Fig. 6. Distribution of total deformations (displacements) of skin segment under 0.01 N static load in the center pin location
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shear elastic strain distribution in the skin and their
variation, depending on frequency of excitation, were
obtained (Figs. 7-9).

It can be seen that in all cases of loading (number and
location of “pins”, exciting the skin) the intensity of
shear strain (both minimal and maximal values) in der-
mis is the highest (~£1.5-5%), when frequency of exci-
tation is the lowest (in the range from 250 to 2000 Hz).
Further increment of frequency leads to the drop of
maximal values of strain nearly two times (up to ~+0.5—
2.5%), when frequency is from 4000 to 10000 Hz.

The normal strain in dermis depends on frequency
of excitation in a more complicated way: when the
excitation of skin fits two “pins” moving inversely,
maximal and minimal normal strain curves are similar
to shear strain (maximal values up to ~+15% at lowest
frequencies and later drop to ~+4%). But synchronic
excitation (the same phase for all “pins”) gives the
highest maximal strain level in the middle range of
excitation frequencies, around the 6000 Hz (~£3-4%),
whereas the minimal normal strain is more significant
at the beginning of excitation frequency range and
later drops even more noticeably than shear strain —
from ~5-7% to near 1%.

In all the cases of excitation (combination of ex-
citation points and frequencies), the zones where shear
strain takes its maximal and minimal values, are lo-
cated in the bottom plane of dermis layer, that is be-
low the zone of location of Ruffini receptors, respon-
sible for shear perception. In addition, each point of
excitation is surrounded by one minimal and one
maximal strain zones (see Fig. 7). Numbers of zones
with maximal and minimal normal strain (sensed by
Meissner receptors, placed in the dermis near the
junction with epidermis) also depend on the number
of excitation points. In this case, their location vary
more significantly with frequency, moving from the
bottom surface of dermis to the surface lying on verti-
cal symmetry plane (Fig. 8), when the excitation is

ic Strain(XZ Plane)

oordinate System

Custom
Max: 0,008638
Min: -0,0086253

0,008638
0,0067199
0,0048017
0,0028836
0,00096546
-0,00095268
-0,0028708
-0,004789
-0,0067071
-0,0086253

synchronic (inverse phase excitation leads to location
of maximal and minimal normal strain zone on the
bottom plane of dermis layer).

The dependences of maximal level of strain on fre-
quency of excitation (Fig. 9) show also that almost twice
as large strains (both normal and shear) are obtained
when inverse phase excitation of two or three points is
applied to the skin normal. The shear strain also reaches
its maximum when skin is excited by single point load-
ing. This leads to the conclusion that the number of ex-
citation points itself has no serious influence on the in-
tensity of induced strain, but due to the fact that the
location and size of the area of higher strain and differ-
ences in their shape vary depending on the number of
excitation points and phases of excitation this factor may
be elaborated during further development of the device
as well as the intensity of excitation, which in the case
described was set to minimum perceptible level. In latter
case it is possible to maintain even without deeper analy-
sis that the increment of excitation intensity will lead to
better perception due to higher level of strain of the skin,
thus the evaluation of the influence of location and size
of the maximum strain zones on the skin sensibility
should be evaluated experimentally.

It should be noted that depending on the mechani-
cal properties of the particular human the results of
analysis may differ quantitatively. Also it could be
mentioned that the analysis performed carries com-
parative character, which allows the comparison of
results of computations not taking into account the
estimation errors, because the same model and same
material properties are used in all cases.

Summarizing the results of harmonic response
analysis of the 3D model of human fingertip skin
segment model, the following conclusions may be
done:

o the magnitude and distribution of shear and normal
elastic strain in the skin under harmonic excitation
vary significantly depending on frequency of excita-

Fig. 7. Distribution of shear elastic strain (horizontal, XZ plane) in the dermis layer of skin segment
up to 10000 Hz and 0.01 N harmonic force, loading in all the three pin locations (code of excitation 111)]
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F: Harmonic Response

Normal Elastic Strain

Type: Normal Elastic Strain(¥ Axis)

Frequency: 2000, Hz

Phase Angle: 0, ©

Unit: mjm

Global Coordinate System
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Fig. 8. Distribution of normal elastic strain (vertical, Y axis) in the dermis layer of skin segment
up to 2000 Hz and 0.01 N harmonic force loading in the center pin location (code of excitation 010)]
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Fig. 9. The dependences of maximal values of the elastic strain in dermis on frequency of excitation:
(a) normal strain (Y direction); (b) shear strain (XZ plane).
Solid lines represent maximal strain, dotted — minimal, colours of minimal and maximal strain curves for each case are the same

tion (shear strain — from ~+0.5% to 2.5%, normal
— from ~+15% to near 1%);

in most cases maximal strains are obtained with
lower frequencies of excitation (250-4000 Hz);
number of maximal and minimal strain zones de-
pend on number of excitation points;

maximal and minimal shear strain zones are lo-
cated in the bottom plane of dermis layer;

location of zones with maximal and minimal nor-
mal strain vary more significantly with frequency,
moving from bottom surface of dermis to its mid-
dle or even top surface.
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It can be stated that the tactile perception of infor-
mation, delivered by three vibrating pins, in tactile
device may be influenced by configuration of excita-
tion points (their number and phase of loading) and
the frequency of excitation.

4. Discussion

Aspiration in helping to improve the quality of life
of the blind and visually impaired lead up to design
and development of a wide variety of devices deliv-
ering to individuals information about surroundings.
Most interesting approaches are described below.

“The Forehead Retina” system observes 3D envi-
ronment by video camera mounted on sunglasses.
Information from camera is analyzed by computer and
converted to signals activating 512 electrodes affect-
ing forehead skin, thus providing blind or visually
impaired about objects surrounding them [11] and
helping to orient and move outside.

Similar (optical scanning) principle is imple-
mented in “Magic Finger” device [12], which can be
used for reading information on various surfaces.
“Magic Finger”, equipped with a pair of optical sen-
sors, is able to recognize what it touches (32 different
surface textures with 98 percent accuracy), and with
this information turn various surfaces into interfaces
for devices or a way of passing information. However,
this device does not make any tactile influence on the
user finger.

“wUDbi-Pen” device (haptic stylus) [13] also reads
graphic and symbolic information from computer
screen or mobile device in optical way (by camera)
but differently than “Magic Finger” transfers it to user
in tactile way (3 x 3 pins block, 3 mm between pins).
The device may “inform* its user by vibration, impact
or sound, it allows even simple contours to be drawn,
however is unable to recognize colour of the object
displayed, its size, determined by the way of handling
it, which seems to be one more quite important disad-
vantage.

“Tesla Touch” [14] — technology allowing deliv-
ering users of devices with touch interfaces with tac-
tile feedback thus ensuring some dynamic tactile
feedback. It is based on the electrovibration principle:
it does not use any moving parts and provides a wide
range of tactile feedback sensations to fingers moving
across a touch surface by variable friction force. The
main problem of this system is that it is necessary to
use high voltages to control the friction force caused
by electrovibration.

According to the destination (usage with touch-
based interfaces the popularity of which has been
rapidly growing) the piezoelectric thimble under de-
velopment is close to the two last devices mentioned.
It transforms information shown on the screen into
classical tactile excitation of the finger skin like
“wUbi-Pen”, but is more compact and in addition is
designed with intention to inform its user about the
color of the objects displayed on the interface either,
the same as “Tesla Touch”. But due to the principle of
generation of the tactile signal piezoelectric thimble
seems to be cheaper and less energy consuming than
the latter (at least for the moment), which herewith
increases mobility of its user, and more effective (in-
formative), because excites finger skin not only during
movement of the finger on the surface of the screen of
mobile device.

Perhaps the main problem faced by developers
of various tactile devices is evaluation of their tac-
tile efficiency. That is why most frequently exact
information about the regimes of skin excitation is
not provided when describing such devices, ex-
cluding general principles, for example, arrange-
ment of the static excitation points defined yet by
Braille and if to speak about devices described
above — “wUbi-Pen”.

One of the ways of obtaining the necessary data is
to investigate the stress—strain state of the human (or
animal) skin by means of computational methods.
There are a lot of skin computational models devel-
oped by different authors differing in description of
skin sort (finger, arm, sole, leg, etc.) geometry (shape,
number and thickness of layers [15]), description of
material properties (from isotropic linear elastic to
viscoelastic, etc.), type of problem (plane [16]-[19] or
spatial, 3D, [20], [21] normal ant tangential, single
and two point indentation [22] static or dynamic
loading [23], and so on.

In the case under discussion to have ability to
check the influence of a combination of several ex-
citation points a 3D solid model was used (if there
was only one needle far simpler plane model would
be enough). A quite important feature of the model
used in this research is the presence of the thinnest
external layer of the skin — stratum corneum, whose
Young’s modulus in the case of the finger skin is
significantly higher than for most of the remaining
skin of human body. Materials were treated as line-
arly elastic because of the relatively small excitation
signal level and also having the aim to reduce time of
computations of this study, treated by the authors as
pilot one. One more simplification — the direct har-
monic excitation of the skin instead of modeling
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contact interaction between moving pin tip and skin
surface, because in such a case transient (or time
history) solution should be performed, which would
be extremely time consuming. There again, not hard
kinematic, but namely force excitation was used,
which noticeably reduces the severity of such simpli-
fication. Excitation frequency range is extended in-
tentionally having in mind the possibility to affect
skin by piezoelectric thimble pins glued to the skin
surface (presuming that this untypical case of high
frequency kinematic loading may lead to interesting
outcome).

To have more precise and adequate info about the
behavior and the sensitivity of the fingertip skin ex-
cited by pins of piezoelectric thimble the computa-
tional model free of facilitations mentioned above is
currently under development by the authors.

5. Conclusions

Summarizing the results of harmonic response
analysis of the 3D finger-needle contact zone, the
following conclusions can be made:

e The magnitude and distribution of shear and nor-
mal elastic strain in the skin under harmonic exci-
tation vary significantly, depending on frequency
of excitation (shear strain — from ~+0.5% to 2.5%,
normal — from ~+15% to near 1%);

e In most cases maximal strains are obtained with
lower frequencies of excitation (up to 4000 Hz);

e Numbers of maximal and minimal strain zones
depend on the number of excitation points on the
human finger skin;

e Maximal and minimal shear strain zones are lo-
cated in the bottom plane of the human skin dermis
layer;

e Location of zones with maximal and minimal
normal strain vary more significantly with fre-
quency, moving from bottom surface of dermis to
its middle or even top surface.

Research results show that configuration of exci-
tation needles (number of the points and oscillating
phase) and their frequencies can influence the infor-
mation transferring to the blind human finger. This
information will be utilised when developing piezoe-
lectric actuators with 2 and 3 oscillating needles.
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