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On the Tactile Sensing Based on the Smart Materials

Ligia Munteanu', Dan Dumitriu', Veturia Chiroiu', Cornel Bri§an2,
Mircea Bara’ and Doina Marin'

Abstract: A flexible finger with muscles made of Nitinol wires and the skin
made of auxetic material is analyzed from the tactile sensing point of view. The
recognizing of the shape and texture of 3D objects is performed by simulation the
action of an array of nanopiezotronic transistors integrated into the skin. The array
of nanopiezotronic transistors makes possible the detection of the pressure-induced
changes in the auxetic skin. The shape and texture of the objects is best estimated
by determining the surface and texture as an n-ellipsoid defined by 12 parameters.
An inverse problem is solved in order to find these parameters from the condition
that the n-ellipsoid best fits the set of data points probed by touch with the finger.

Keywords: Nitinol, auxetic material, tactile sensing, shape and texture of 3D
objects.

1 Introduction

Robotic tactile sensing involves techniques for knowledge transfer from human to
robot [Dahiya and Valle (2013)]. The robotic tactile sensing in touching, grasping
and manipulating of the objects is the base for exploring and differentiating the ob-
jects from one another with respect to shape, surface texture, stiffness, temperature
etc. [Ernst and Banks (2002); Shikida et al. (2003); Fearing (1990)].

The experiments involving stroking and vertical indentation of the skin, with the
force equal to that exerted by humans during natural manipulation (15-90g/m),
indicate that the object shape and orientation are signaled by spatio-temporal func-
tions which characterize the mechanoreceptors of the skin [Weinberg et al. (2005);
Rucci and Bajcsy (1995); Liu et al. (2005); Goodwin et al. (1997); Ju et al. (2014)].
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Geometrically and structurally, the skin is a complex mechanical system supported
by the deformable system of muscles and tendons. The stiffness of various skin
layers significantly varies with epidermis being considerably stiffer than the dermis
(the Young’s modulus of base layer, i.e. the epidermis is 10-10000 times that of the
dermis). Skin acts as a multilayered, nonlinear, nonhomogeneous and viscoelastic
medium in order to convert the surface indentation into stress and strain fields.
The thickness of skin in adult humans vary between 0.6-0.8 mm and the Young’s
modulus is around 4 x 105 N/m? [Schiffman (2001); Escoffier et al. (1989)].

In order to mimic the tactile sensing capabilities of the human skin, a flexible fin-
ger with the muscles and skin made of Nitinol (NiTi) wires and auxetic material,
respectively, is considered in this paper. The robotic shape detection of the objects
within the contact area (7-12 mm) of the fingertip may be realized by using the
interface piezotronic effect [Wu et al. (2013)]. The piezotronic effect arises as a
result of the polarization of non-mobile ions in the crystal, unlike the piezoresistive
effect which results from a change in band gap, charge carrier density, or density
of states in the conduction band of the strained semiconductor material. Therefore,
the piezoresistive effect is a symmetric volume effect without polarity, whereas the
piezotronic effect is an interface effect that asymmetrically modulates local con-
tacts at different terminals of the device because of the polarity of the piezoelectric
potential [Wang (2010, 2012a,b, 2013); Zhang et al. (2011)].

Using the piezoelectric semiconductor nanowires that typically have wurtzite and
zinc blend structures (such as ZnO and GaN), a piezotronic transistor design was
introduced [Zhou et al (2008); Wu et al. (2010); Chen et al. (2012)] that has a two-
terminal metal-semiconductor-metal structure and whose charge carrier transport is
modulated by the piezoelectric polarization charge—induced inner-crystal potential
in the nanowires at the contacts.

As mentioned above, the muscles are made of NiTi wires. The phase change in the
NiTi wires is achieved by heat exchange with a heat source and a heat sink. The
actuation frequency of the NiTi wires is only dependent on the rate of heat trans-
fer with its surroundings. The heat transfer mechanism for most Nitinol wires are
based on resistive heating and cooling with forced convection or natural convec-
tion. Because this is an inefficient heat exchange mechanism [Boyd and Lagoudas
(1994)] which requires the use of electrical power, we chose the semiconductors
for which Peltier effect has shown high actuation frequency [Bhattcharyya et al.
(1995)]. In other words, we use the forced convection heating and cooling to ac-
tuate the NTi wires. This can overcome the low energy density resistive heating
systems and the low efficiency of the thermoelectric heat transfer mechanism, even
though it should need additional devices such as a pump and valves [Rediniotis et
al. (2002)].
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The cyclic behavior of NiTi wires can be described by using the Bouc-Wen model
coupled to the intrinsic time measure, other than the clock time which governs the
behavior of the materials [Chiroiu et al. (2015)]. As a consequence, the thermody-
namic admissibility of the Bouc—Wen model is provided by the endochronic theory
of plasticity. The role of the intrinsic time measure is described by capturing the
stiffness and strength degradation and the opposite phenomena. Such behavior is
due to the permanent strains addition of the residual martensite and alterations in
the properties of the texture during the phase transformation

Finally, as mentioned above, the skin is made by auxetic material. By definition,
an auxetic material expands in all directions when pulled in one direction and this
behavior does not contradict the classical theory of elasticity [Love (1944)]. Ac-
cording to this theory, the variations of the Poisson’s ratio range from -1 to 0.5 for
3D isotropic materials, and from -1 to 1 for 2D isotropic systems. For anisotropic
materials, the values of the Poisson’s ratio could be larger in magnitude. A nega-
tive Poisson’s ratio allows for the existence, in the orthogonal lateral directions, of
positive Poisson’s ratios up to the stability limit 2 for cubic crystals [Munteanu et
al. (2014); Baughman et al. (1998); Alderson et al. (1997)]. Conventional foam
exhibits pores with an average diameter of around 1mm, while the auxetic foam has
a possible average diameter of a few micrometers or even nanometers. Processing
manufacturing techniques of auxetic materials can control various features of the
pore shapes and is performed by a compression process [Chan and Evans (1997);
Munteanu et al. (2008, 2012); Scarpa et al. (2004); Bezazi and Scarpa (2007)]. The
measured density of the auxetic foam was 0.118g/ cm’. The conventional foam has
a positive Poisson’s ratio (0.25) for a compressive strain of 10%, which decreases
sharply with the increase of the compressive loading, to become slightly negative
for a tensile strain ranging from 60 to 80%. The auxetic foam exhibits a negative
Poisson’s ratio (-0.185) for a compressive strain ranging from 10 to 25%, showing
a sharp increase for an increasing compressive strain, reaching then a zero value for
a compressive strain of 55% and a positive Poisson’s ratio (1.33) for a compressive
strain of 80%.

A properly auxetic version of the conventional foam is constructed by spatial com-
pression according to [Munteanu et al. (2008, 2012)] and a 3D array of piezotronic
transistors are incorporated into internal pores in order to convert mechanical stim-
uli applied to the foam into local electronic controlling signals [Wu et al (2013)].
The transistors consist in a matrix of vertical zinc oxide nanowires which are active
to detect the pressure and forces for tactile imaging. The auxetic material coupled
with the array of nanopiezotronic transistors is described as an elastic Cosserat ma-
terial with internal degree of freedom [33-36].

The paper is organized as follows: Section 2 is devoted to solving of the inverse
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problem of determining the set of parameters for reconstructing the shape and tex-
ture of a 3D object. The condition that the n-ellipsoid best fits the set of data points
probed by touch with the finger ensures the uniqueness of the solution. Section 3
summarizes the results.

The last Section is devoted to Conclusions, and the Appendix presents the set of
equations for the finger motion.

2 Inverse Problem

Let us consider a flexible finger modeled as a cylindrically rod of length L =6cm
and radius R =0.5cm, with three embedded Nitinol wires (yellow) in an aluminum
matrix, at uniform absolute temperature 7y (Figure 1). The NiTi wire has the length
L and radius r, and are placed in a parallel arrangement to form the vertices of
an equilateral triangle. The x-axis has the distal direction, the y-axis the radial
(reference) direction, and z-axis the tangential direction. The rod is covered with a
thin layer of auxetic material (red colour) representing the skin of the finger.

Both the matrix and the NiTi wires are assumed to be initially straight at + = 0
and Ty = 33°C. The NiTi wires are heated above the austenitic start temperature
by passing an electrical current, and the deflected beam tends to return to the initial
configuration. The NiTi alloy acts as an actuator transforming electrical energy into
mechanical energy, annihilating the deformed shape of the rod. Topological view
of the skin with hexagonal pores and the nanowires (red circle) is shown in Figure
2.

fized end

bending plane

skin resultant bending force

NIT; vwire _
ﬂ free end

Figure 1: A flexible finger.
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Figure 2: Topological view of the auxetic skin with hexagonal pores where the
nanowires are positioned (red circle).

The operation of the gripper finger relies on the elastic deformation of three embed-
ded NiTi wires (55% Ni, 45%Ti) in an aluminum matrix. Using a different force
in each NiTi wire a range of extension forces causing the finger to bend according
to the constraints provided by the end plate. The larger the force, the larger the
resulting finger tip deflection. In addition to bending, the triangular arrangement
enables the direction of fingertip movement to be controlled.

The fundamental equations for NiTi wires are written in the spirit of Brocca et
al.(2002); Otsuka and Wayman (1998); Boyd and Lagoudas (1994); Shu et al.
(1997); Chiroiu and Munteanu (2003); Chiroiu et al. (2003). The fundamental
equations for auxetic skin are written in the spirit of Eringen and Suhubi (1964);
Eringen (1966a,b, 1968); Mindlin (1964, 1965); Gauthier (1982); Wang (2012) and
Marin et al. (2014)..

The finger motion is described by a complex set of equations containing the alu-
minum equations, the NiTi wires (muscles) equations, the equations of the aux-
etic skin coupled with the ZnO nanowires, the conditions on the interfaces be-
tween aluminum-NiTi wires, aluminum-auxetic material, NiTi wires-auxetic mate-
rial, auxetic material- ZnO nanowires, boundary conditions and initial conditions.
These equations are presented in Appendix.

We assume that a finger is used to probe an object to detect its shape and the tex-
ture. The array of nanopiezotronic transistors makes possible the detection of the
pressure-induced changes in the auxetic skin.

Although it is difficult to detect the shape of the object only with one finger, we
still consider this variant for simulation the detection of the shape of objects with
well-defined geometry such as balls or eggs. Instead, the texture can be detected
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using a single finger. To detect both the shape and texture, the finger can walk,
rub and rotate on the surface of the object until a control parameter reaches a value
proposed by algorithm.

Two simultaneously distinct system of coordinates are introduced: a fixed system
with origin O and axes Oxj,Ox,,Ox3, in which a point belonging to the surface
of the object is defined by (x1,x2,x3) = (x,y,z) and a present system with origin
in arbitrary centre O’ coordinates x¢,yg,z¢ of the object. Axes x| and x} are de-
termined from the finger-to-finger, and sweep directions respectively. We suppose
that the object rotates about the vertical x;-axis. In this system a point belonging
to the surface of the object is defined by (x},x},x5) = (¥',)',Z'). The orientation
of the axes x|, x, (usually randomly oriented) is determined by the angle y. The
transformation from (x',y’,7’) to (x,y,z) is given by

xi = u; + Ryxl, (1)
where R;; is the rotation matrix

R= R(Z7 (p)R(x7 G)R(Zv W)a

with
cosy —siny O 1 0 0
R(z,y)=| siny cosy O |, R(x,0)=| 0 cos® —sinb |,
0 0 1 0 sin@® cosH

cos¢ —sing 0
R(z,9)=| sing cosp O |,
0 0 1

and u the translation vector. The method for acquiring data is simulated to be capa-
ble of obtaining sufficiently accurate data. The estimation of the shape parameters
of the surface is made for non-perturbed data and artificially perturbed data in-
troduced by multiplication of the data values by 1+ r, r being random numbers
uniformly distributed in [—¢, €]. In this paper we consider € = 1073.

The algorithm for reconstructing of the shape and the texture of the surface is as
follows:

1. Track the surface using the finger and record the information required to de-
termine the contact positions. This step is simulated to obtain a high number
of 3D contact points in the system of coordinates (x',y’,z'). M points along
the surface are probed with the finger.
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Calculate the set of 12 shape parameters that define the surface I'such that the
n-ellipsoid best fits the set of data points, by using a global volumetric defor-
mation technique called FFD and a genetic algorithm [Asano et al. (2009);
Fujiki et al. (2006)].

2. Determine the best approximating shape of the object.

3. Determine the best approximating texture of the object.

The approximating texture of the object means to describe the structures contained
in textures. The microstructure and its arrangement in the texture are regarded as
fundamental entities. The texture is recognized as a repetitive pattern [Chang et al.
(2014)].

The model considered here is to determine the shape and texture of an unknown
surface I of the object by using an n-ellipsoid. The goal of the inverse problem is
to find the set of parameters (shape and texture parameters) that define the surface
I" such that the n-ellipsoid best fits the set of data points obtaining by the finger
touching. The n-ellipsoid is defined by 12 parameters d;, i = 1,2,...,12: arbitrary
center coordinates xg, yg,Z¢, principal axes a, b, ¢, the principal directions defined
by Euler angles &, v, {, the exponent n and two positive numbers p and g needed
to define the texture indicator J([)

J(1) = / w(X)?|VI(X)|4dS, 3)
r

where [ is a partition indicator subjected to I(P;) = O for any P;(x;,y;,zi),i=1,....M

belonging to the surface of this object, and I(P;) = 1 otherwise. X is a matrix with

coordinates of the model points. The weight function w is defined at every point

P, [Couprie et al. (2011)]. The advantage of this model is the small number of
parameters needed to represent the shape and texture of an 3D object.

The surface I is defined as the image of the unit n-sphere S of equation

DY =1, @
through the affine transformation

y=W,Y,Y3) €S = y=(y1,y2,3) €T, &)

1 = xg +ri1aY1 +ri2bYs +ri3cYs,
2 = yG +r1aY1 +rpnbYs +r3cls, (6)
3 = zg + r31aY| + rbYs +r33¢Ys,
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where r;j = r;j(§, v, {) are the components of the rotation, which transforms the
coordinate axes into the principal axes of the ellipsoid. These components are
given by (2) by replacing 6 with &, and ¢ with . For n = 2 (3) yields the usual
unit sphere and for n = oo the unit cube of vertices (4+-1,41,+1). By using (4) and
(5) the unit sphere and the unit cube are respectively transformed into ellipsoids
and boxes, with arbitrary center, size and orientation.

We refine the representation of the data using a global volumetric deformation tech-
nique called FFD [Bardinet et al. (1995); Bonnet (1993); Sederberg and Parry
(1986)]. The deformation of the box is given by the pressure-induced changes in
the auxetic skin. This characteristic feature allows us to represent 3D data by a
model defined by 12 parameters. An FFD is a mapping from R3 to R?, defined by
the tensor product of trivariate Bernstein polynomials.

The principle of FFDs is as follows: the n-ellipsoid is embedded in a 3D box. Inside
this box, a volumetric grid of points is defined, which links the box to the object
(by the trivariate polynomial which defines the deformation function). This can be
written in a matrix form X = BP, where Bis the deformation matrix ND x NP(ND is
the number of points on the discretized n-ellipsoid and NP is the number of control
points of the grid), P is a matrix NP which contains coordinates of the control
points and X is a matrix ND with coordinates of the model points. The box is then
deformed by the displacement of its lattice, and the position and the texture pattern
of each point of the real object is computed. The force F; acting by the finger on
each point j into the n-ellipsoid is given by
ND
FjIZCij‘ijSj, (7)
j=1
where c¢; and k; are stiffness and damping coefficients associated to the point j, and
s; are displacement functions furnished by the inverse technique. These functions
are used to reconstruct the cross-sectional slices of the image of the object.

Now we need to solve the following inverse problem: first compute a displacement
field 6Xbetween the n- ellipsoid and M point data, and then, after inserting the
n-ellipsoid into 3D box, search for the deformation & Pof this box which will best
minimize the displacement field 60X

J(T)+J (1) = min |B6P — 8X||> + / w(X)P|VI(X)|9dS | . (8)
r

The partition indicator / is a solution of (8). The deformation of the box is given by
the strain given by the pressure-induced changes in the skin and [ is the partition
indicator.
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In other words, the shape and texture of the object is classically sought as the min-
imizer of some distances J(I') +J(I) between the measured data and the computed
n-ellipsoid data. To represent 3D data with our model, we use an iterative two-step
algorithm:

Step 1: Computation of the displacement field between the previous estimation X,
and its projection on data X¢, 8X, such as

X? =X, +8X,. ©)
Step 2: Computation of the control points P, ;| by minimization of ||[BP — X¢||2.
Computation of the deformed model

Xn+1 = BP11. (10)

Stop test on the least-squares error || X1 —X,‘,|.

The quantity Py is defined as a uniformly spaced parallelepiped box of control
points and Xy = BF, represents the set of points of the initial discretized n-ellipsoid.

The method is performed in simulation on cylindrical, spherical and other objects.
The best results in terms of accuracy and computational efficiency are found to be
obtained using a genetic algorithm. As the same n-ellipsoid can result from many
combinations of Euler angles and permutations of principal axes, it is difficult to
measure the accuracy of the identification of I' by means of comparison of the
identified parameters d;, 1 = 1, ..., 12 with those defining the “true” I' and used to
compute the simulated data. Instead, the relative errors &y, €4, & for the volume,
boundary area and geometrical inertia tensor (with respect to the fixed coordinates
Ox1xpx3) are computed.

The indicator & is very sensitive to the orientation of I'" in space, together with the
ratio J,, /Jy, where J, = J(I',) and ', is the current I after the n—th iteration of the
minimization process.

Expressions of indicators €y, &4,€ in terms of boundary integrals are as follows
[Bonnet (1993)]

V(L) Ly
&y V(F) -1, V(S) =3 S/yznzdSy> (11)
_ AL _
=T b A= S/dsy, (12)

. (Zlgi,j§3 (£ij(n) — Iij(r))2> v
& =

1
LIS =5 [ymmends,. (13)
Zlgi,j§3lz‘2j(r) /8 SS ! g
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The number of iterations of genetic algorithm, the values of J ;4 /Jo, €v,€a, € and
the least square error ||[BP — X || are displayed in table 1 for five objects for different
sizes for the box of control points, in the case of non-perturbed data.

3 Results

Consider a damaged a graphite plate of length 9cm. height Scm and thickness 1cm
(figure 3). The material is strongly anisotropic and damages make the texture to
contain shallows, cracks and bumps. Therefore the finger will have to touch the
material along 25 arbitrary paths shown in figure 4. If results require, the path
traveled by the finger will have to get thicker where the texture is difficult. The
finger walks without press the surface of the object with the velocity of 1cm/sec.
The surface irregularities, elevations and simples not exceed the limit of the spatial
resolution of the sensor.

The contact can be identified by checking the minimum distance between bodies
[Karnopp (1985); Munteanu et al. (2015)]

min (;m ) m) L An) <0, falr) <0, (14)

where r; and r, are the position vectors of two points belonging to the tire and the
road, respectively, and f and f; are bounding surface constraints. The interference
distance is defined as

d d
min(—d), fi(r) < —5ern fa(r) < —5e (15)

where d is the interference distance and e; and e; are the unit vectors.

Three problems are important to be discussed here, i.e. the modeling of the un-
known contact domains between the finger and the surface of the object, the contact
and the friction forces in the contact domain.

To shape of the unknown contact domain D, is taken as a superellipse defined by a
Lamé curve [Munteanu et al. (2015)]

where x and y define the envelope of the contact area, a is half of the contact length,
and b is half of the contact width (radii of the oval shape are depending of time),
and n the power of the ellipsoid. The advantage of the Lamé curve consists in the
effect of n to rounding the sharp corners. It provides a smooth transition between
the oval and the rectangle shape.
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Figure 4: The finger tracking the plate. To the left the trajectories of the finger are
shown.

The parametric representation of (16) is given by
x(t) = a(t)cos?’" 0, y(r) = b(t)sin®" 6. (17)

For area of the ellipsoid (16), we find

Al = 4b0/“ (1 - (2>> n | _ 41_1/na(t3b((t)+\/;r (1+1) | as)

where I'(z) = lim,, Z(H{S'%, (z#0,—1,-2,...) is the Gamma function .

N—
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Table 1: Dimensions of the contact patches for arbitrary paths.

path | Vertical| a [mm] | b[mm] | n
load
F;[N]
3 0.04 5.5 43 2
0.06 4.4 5.9 2.1
0.07 54 6.9 2.4
0.09 6.7 7.6 2.6
4 0.04 5.7 4.6 2.2
0.06 4.9 6.1 2.4
0.07 5.6 7.2 2.8
0.09 6.8 7.7 3.2
6 0.04 5.9 5.3 2.3
0.06 6.4 6.2 2.7
0.07 7.4 7.1 2.7
0.09 8.1 8.2 33
7 0.04 5.8 4.7 2.1
0.06 4.9 6.3 2
0.07 5.6 7.1 2.7
0.09 6.9 7.8 3.3
14 0.04 6.5 6.7 2.5
0.06 7.4 7.8 34
0.07 7.8 7.9 3.2
0.09 8.7 8.6 33
15 0.04 6.4 6.5 2.5
0.06 7.3 7.6 33
0.07 7.8 7.9 3.2
0.09 8.5 8.5 3.3
20 0.04 6.5 6.9 3.5
0.06 7.9 7.7 3.6
0.07 7.9 8.3 3.6
0.09 8.8 8.8 33
21 0.04 6.7 7.6 34
0.06 8.2 8.5 3.5
0.07 8.4 8.4 3.6
0.09 8.9 8.9 3.5
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In what concerns the contact force, the indentation 0 is the principal factor in defin-
ing it F, = f(06,8). A particular form is given by [59]

F. = k& + D6, (19)

with k and b constants depending on the material and geometry.

We consider that the friction F; occurring at the contact point during sticking is
defined as [Johnson (1985)]

Ft = kt 5z> (20)

where & is the tangential component of displacement at the contact point, due to
the tangential loadings, and k; is the tangential stiffness which is determined by the
geometry and the material of the contacting objects.

path 6

pressure [kPa]

IE=)
—

=

w

length [cm] 4 path 3

it

length [em] 4 5

path 14
path 15

pressure [kPa]

path 20
-~ path 21

length [om]

Figure 5: The maximum pressure distribution along different paths.
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The contact domain D, is unknown and it is modeled as a superellipse shape defined
by (16). Table 1 shows the characteristics of the contact patches identified for
arbitrary chosen paths 3, 4, 6, 7, 14, 15, 20 and 21 for touch forces of 0.04, 0.06,
0.07 and 0.09 N, respectively. Some arbitrary cross-sectional slices of the image
of the object furnished by the inverse technique are shown in figure 6. These slices
are constructed by using the displacement functions s; in each pointj belonging to
discretized n-ellipsoid.

Figure 6: Some arbitrary cross-sectional slices of the image of the object.
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The estimation of Jyi,/Jo, €v, €4 and & with respect to the size of the FFD is
shown in table 2. For the object, the numbers of points ND = 80 and NP = 51 are
acceptable for a good accuracy if we use boxes of different size. The least square
error | |[BP —X|| is 0.05-1.4 % for non-perturbed data and 3-8.3% for perturbed data.
The numerical solution of the inverse problem hence behaves well with respect to
perturbed data. This is probably a consequence of the fact that unknown geometry
is described using only 12 parameters.

Table 2: Results for non-perturbed and perturbed data.

€ Size of | Iterations | ||BP—X|| | Jfin/Jo x| €& &4 g
the FFD 1077 x1077| x107%| x107°
e = | TxTxT7 |93 1.4 % 3.8 8.3 10.2 94
0 6x6x6 | 89 0.8 % 3.5 7.8 9.7 8.5
6x4x4 | 73 0.2 % 34 7.5 52 8.2
6x5x5 | 61 0.09% 3.5 6.7 6.6 7.7
6x6x3 | 41 0.05% 33 6.3 7.4 6.7
e = | Tx7x7 | 77 8.3 % 2.4 3.1 2.2 34
1073 | 6x6x6 | 67 6.9 % 1.5 2.0 1.9 2.7
6x4x4 | 63 52 % 1.4 1.5 1.2 1.8
6x5x5 | 54 4.6% 0.4 0.6 1.1 1.6
6x6x3 | 35 3% 0.3 0.3 04 0.7

4 Conclusions

The aim of this work is to present a virtual experiment concerning the recogniz-
ing of the shape and texture of a 3D object performed by simulation the action of
an array of nanopiezotronic transistors integrated into the skin. A flexible finger
with the muscles made of Nitinol wires and the skin made of auxetic material is
considered. The array of nanopiezotronic transistors makes possible the detection
of the pressure-induced changes in the auxetic skin. The shape and texture of the
3D object is best estimated by determining the surface and texture of the object as
an n-ellipsoid defined by 12 parameters. An inverse problem is solved in order to
find these parameters from the condition that the n-ellipsoid best fits the set of data
points probed by touch with the finger.
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Appendix

The finger motion is described by a complex set of equations containing the alu-
minum equations, the NiTi wires (muscles) equations, the equations of the aux-
etic skin coupled with the ZnO nanowires, the conditions on the interfaces be-
tween aluminum-NiTi wires, aluminum-auxetic material, NiTi wires-auxetic mate-
rial, auxetic material- ZnO nanwires, boundary conditions and initial conditions.

Since a nanopiezotronic transistor involves a semiconductor that is piezoelectric,
the fundamental governing equations for both semiconductor and piezoelectric the-
ories are required. The basic equations for piezotronics are electrostatic equations,
current—density equations, and continuity equations, which describe the static and
dynamic transport behavior of the charge carriers in semiconductors, as well as the
piezoelectric equations, which describe the piezoelectric behavior of the material
under dynamic strains.

We use the summation convection throughout. A superposed dot denotes differenti-
ation with respect to time while a comma is used for material derivatives. The usual
Einstein summation convention for repeated indices is used and the comma denotes
differentiation with respect to spatial coordinates and a superposed dot indicates the
time rate.

1. The constitutive law for the isotropic aluminum rod is
0ij = A€k Sij + 2Ua1€ij — Bur6ij(T — To), i,j,k=1,2,3, (A1)

where 0;; are components of the stress tensor, €; = 3 (u; ; — u;;) components of
the strain tensor, u; the components of displacements, 7 absolute temperature, 7
initial temperature, A, U elastic Lamé’s constants of the aluminum, f,; = (34, +
2Ua1) &y, With @ the coefficient of linear thermal expansions.

The heat equation for the isotropic aluminum rod is given by

pc(T+wT) + ToP (& + T0ii) = kT . (A2)
2. The constitutive law for NiTi wires are

0ij = Aniri(€xk — &) i + 2uniti(€ij — &) — Brniri6ij (T — To), (A3)

where i, j,k = 1,2,3. The quantities sfj are the transformation strain, and By;7; =
(3Aniri+21iti) Oniri- The Lamé moduli A, 1, and the coefficient of linear thermal
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expansions Oy;r; obey the rule of mixtures

Aviti = A HEAM =AM, uniri = pr + E (UM — u?), oiri = o + E(a™ — o),
(A4)

where the superscripts ‘A’ is for austenite and ‘M’ for martensite, respectively, and
& is the current volume fraction of the martensitic phase. The transformation strain
rate evolution law is given by

& = A€, (AS)

with the transformation tensor A;; given by

30 g
5H = >0,
Aj=14 2 ; (A6)
Hrh & <0,
which provides the directions in which the transformation strains develop. Here,
H=¢,,and
~ 3 1 _ 2
G =1/30,0] Oij=0i—30uby, &=\ 3eE; (A7)

The thermodynamic force ® that controls the onset of the phase transformation

1 0
b= Gij/\,'j + EAalGijGij +A(Xa6ij6ij(T — T()) +paAa4T — ];(g) —Y=0. (A8
In the above, p, is the density of the NiTi wires, Adl = E% — ELA, Ao, = oM — oA,

puAa’* the difference of the entropy at the reference state, Y the threshold value
of transformation, f(§) = % pab1E? provides the isotropic hardening term charac-
terized by the isotropic hardening parameter ;. The above criterion is valid for
both reverse and forward transformation but with different values of the parameters
paAa*, Y, by which accounts for the hysteresis of shape memory alloys. During
cooling we have

poAa* = —CMHY = —~CMHMy,, pub1 = C*H(Ags — Aoy). (A9)
During heating we have
poAa* = —C*H,Y = ~C*HAos, pub1 = CMH(Mos — Moy). (A10)

In the above, CM and C# are the slopes of the curves of the stress versus tempera-
ture, Moy, Moy, Aos and Aoy are the start and finish temperatures at zero stress.
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The heat equation for for the NiTi wire is
Co(T + 10T + ToBal&ii + T0&ii) = ko Tii + peJ?, (A11)

where C, = p,c, is the heat capacity, k, the thermal conductivity, p. the electrical
resistivity and J the magnitude of the current density,

3. The constitutive law for auxetic material are
Okl = Aauxerr(skl + (Z.uaux + K-)ekl + K'gklm(rm - (Pm) - Bauxaij(T - TO), (Alz)

My = QO + BOrs + YP1k, (A13)

in which oy, is the stress tensor (which is a symmetric tensor in classical elasticity
but is asymmetric here), my; is the couple stress tensor (or moment per unit area),
ey = %(uk,l +u; ) is the small strain tensor (macrostrain vector), u is the displace-
ment vector, and €y, (€123 = €231 = &12 = —€132 = —&1 = —&13 = 1, and all
other &, = 0) is the permutation symbol. The microrotation vector ¢ in Cosserat
elasticity is kinematically distinct from the macrorotation vector ry = %sklmumJ.
The quantities ¢ refers to the rotation of points themselves, while r; refers to
the rotation associated with movement of nearby points. Here B, = (3Auux +
2 Wauy ) Oauxs With 04, the coefficient of linear thermal expansions.

There are six independent elastic constants required to describe the auxetic mate-
rial: Lamé elastic constants Ay, and Ug,, Cosserat rotation modulus k and the
Cosserat rotation gradient moduli o, 3,7. For @ = B = v =k = 0 eqns (A4) and
(AS) reduce to the constitutive equations of classical isotropic linear elasticity the-
ory

The heat equation for the auxetic material
Caux(T + TOT) + T()Baux(éii + TOéii) - kauxT,ih (A14)

where Cuyx = PauxCaux 1S the heat capacity, kg, the thermal conductivity.

The basic topological profile of the auxetic skin is presented in Figure 2. In the left
figure, the hexagonal pores of the auxetic skin are presented together with the ZnO
nanowires (red circles) positioned in the center of the hexagon). The 3D vertical
array of nanowires is viewed in the yellow square at the right figure.

The 3D array of ZnO nanowires is viewed in the yellow square in the right figure.
Each ZnO nanowire experiences axial strain when subjected to external mechanical
deformation, with piezopotential induced inside the wire as a result of polarization
of nonmobile ions distributed at the two ends [Wang (2012, 2013); Zhang et al.
(201D)].
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Since a nanopiezotronic transistor involves a semiconductor that is piezoelectric,
the fundamental governing equations for both semiconductor and piezoelectric the-
ories are required. The basic equations for piezotronics are electrostatic equations,
current—density equations, and continuity equations, which describe the static and
dynamic transport behavior of the charge carriers in semiconductors, as well as the
piezoelectric equations, which describe the piezoelectric behavior of the material
under dynamic strains. The Poisson equation is the basic equation for describing
the electrostatic behavior of charges [Wang (2012)]
p(r)

Vi, = — Al5
Vi e (A!5)

where y; is the electric potential distribution and p(r) is the charge density dis-
tribution, & is the permittivity of the material. The current—density equations that
correlate the local fields, charge densities and local currents are

Jn = qunE +qD,Vn,
Jp ZCIHpPE—quVP, Jeond = JIn +Jp7 (A16)

where J, and J), are the electron and hole current densities, ¢ is the absolute value
of unit electronic charge, u, and y, are electron and hole mobilities, n and p are
concentrations of free electrons and free holes, D, and D, are diffusion coefficients
for electrons and holes, respectively, E is the electric field, and J.,,q is the total
current density.

The charge transport under the driving of a field is described by the continuity
equations

on 1

E :Gn_Un"’_EV'Jm

0 1

ain = Gn_Un+*V'Jnv (A17)
! q

where G, and G, are the electron and hole generation rates, U, and U, are the
recombination rates, respectively. The piezoelectric behavior of the material is
described by a polarization vector P. For a small uniform mechanical strain &, the
polarization vector P is given in terms of strain as

P = eixé, (A18)

where the third order tensor e; j is the piezoelectric tensor. According to the con-
ventional theory of piezoelectric and elasticity, the constituting equations can be
written as

Op = Cpg€q — ekak, D, = €ig€q + ki Ex, (A19)
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where o is the stress tensor, E is the electric field, D is the electric displacement,
cg is the elasticity tensor, and k is the dielectric tensor.

Consider the case of metal-wurtzite semiconductor contact, such as Au-ZnO or
Ag—7ZnO. For the ZnO the elasticity tensor is given by

cit ci2 ez 0 0 0
cp ¢ oc3 0 0 0
ci3 ci3 ez 0 0 0

Cijkl = 0 0 0 Caa 0 0 3 (AZO)
0 0 0 0 cu 0

0 0 0 0 o o

the piezoelectric tensor nanowire along the c-axis (the direction of the growth of
nanowires) the piezocoefficient matrix is

0 0 0 0 e1s 0
Ckp = 0 0 0 €15 0 0 . (A21)
e31 e es3 0 0 O

and the dielectric tensor is

ki 0 0
ki=| 0 ki 0 |. (A22)
0 0 ki

4. Boundary conditions

Boundary conditions do not depend on assumed material symmetry. We can pre-
scribe the displacements u;or the surface traction #(,;and the microrotations ¢, or
the surface couples m,;on the surface which has exterior normal r;

O = L(uyks MUK = M () (A23)

The conditions on the interfaces between aluminum-NiTi wires, aluminum-auxetic
material, NiTi wires-auxetic material are written as

ui(x,07,¢) —u;(x,07,1) =0, i=1,2,3, (A24)
@i(x,07,1) — @i(x,07,1) =0, i=1,2,3, (A25)
mij(x,0",1) —mij(x,07,1) =0, (A26)
0ij(x,07,1) = 0ij(x,07,1) =0, i=j#3, (A27)

633(x70+7t)_633(x70_>t) = —F06(X)6(I), (A28)
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with Fy the total force acting by the finger on the interface

The boundary conditions for the finger are

O»n=0p at x=L and t € [0,1‘1]. (A29)

The laws of motion also are independent of material symmetry. For the case without
body forces and body couples, these equations are given by

Ow i —Piip =0, My, + €yr0r,—pPpjPr = 0. (A30)
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