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ABSTRACT - REZUMAT

Predictive analysis of electroconductive material parameters for system optimisation

This paper presents mathematical modelling based on predictive and correlation analysis of independent and dependent
variables of conductive materials to develop sensors or actuators. The resulting analysis and optimisation develop
improved systems based on sensors or actuators, including selecting the appropriate conductive materials for
development. Toward this purpose, 46 materials with electroconductive properties were selected and analysed. The
independent variables considered were mass, air permeability and thickness, and the dependent variable was defined
as the electrical surface resistance of the conductive fabric used.
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Analiza predictiva a parametrilor materialelor electroconductive pentru optimizarea sistemului

Aceasta lucrare prezintd modelarea matematicd pe baza analizei predictive si corelatiei variabilelor independente si
dependente ale materialelor conductive pentru dezvoltarea senzorilor sau actuatorilor. Analiza si optimizarea rezultata
se utilizeaza pentru dezvoltarea unor sisteme imbunéatétite bazate pe senzori sau actuatori, incluzand selectarea
materialelor conductive adevate. In acest scop, au fost selectate si analizate 46 de materiale cu proprietéti
electroconductive. Variabilele independente luate in considerare au fost masa, permeabilitatea la aer si grosimea, iar

rezistenta electricd a suprafetei tesaturii conductive utilizate a fost definite ca variabild dependenta.

Cuvinte-cheie: textil, predictiv, rezistenta, conductiv, senzori, actuatori

INTRODUCTION

Based on predictive analysis, decisions regarding the

types of materials used for electrodes can be opti-

mised according to the implemented monitoring
system.

System optimization generally favours intelligent

design based on metaheuristic algorithms [1-6].

Optimization can comprise evaluating multiobjective

functions or single-objective functions [1-3] by:

» The transformation of a multiobjective optimization
problem into a single-objective function optimiza-
tion using the aggregation method and the method
of displacements to arrive at the target values.

» Simultaneous approximation (using a population of
candidate solutions) of several elements of the
Pareto optimal set. An evolutionary algorithm
approximates the Pareto set (and the correspond-
ing Pareto front) in a single run. The approximation
of the Pareto front must satisfy at least two charac-
teristics: 1) be close to the real front and 2) be suf-
ficiently diverse [4-6].

Here, we determine the parameters of conductive

materials to maximize electrical conductivity and min-

imize electrical resistance for the development of sur-
face electrodes for actuators and sensors. To solve
these problems, we use the Pareto method. The

industria textila

EI

Pareto optimal solution is x if there is no element x'
such that f(x") dominates f(x). The set of all Pareto
optimal elements of a multiobjective optimization
problem is the optimal solution to the problem [7-10].
The set of objective function values (criteria to be
optimized) associated with the elements of a Pareto
optimal set is called a Pareto front (Pareto Frontier).

EXPERIMENTAL SETUP

For results analysis, mathematical models for the
prediction of dependent variables based on indepen-
dent variables and predictive analyses of composites
of sensors and actuators were obtained in indepen-
dent stages.

For predictive analysis, samples made by depositing
conductive pastes comprising a polymer matrix with
microparticles of Cu, Ni, Ag, magnetite (Fe;O,) or
graphite were considered. The prediction of the
dependent variable (electrical resistance) was made
using multiple regression and by studying the corre-
lations between the independent variables: mass
M (g/m?), thickness & (mm), air permeability Pa
(I/m2/sec) and the dependent variable, surface resis-
tance Rs.
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Contributing to this study, 3D Electrotex has devel-
oped mathematical models for textile electrodes used
for sensors/actuators.

For the development of our mathematical models,
46 samples (table 1) were made during phases 3-8.
The textile supports were treated under hydrophiliza-
tion using a classical method (alkaline boiling/bleach-
ing).

The deposition step applied conductive paste com-
prising microparticles of nickel (Ni), copper (Cu), sil-
ver (Ag), polypyrrole (PPY), graphite or magnetite
integrated into a polymeric matrix of polyvinyl alcohol
(PVA) or polyethylene glycol (PEG). This step was
carried out by rinsing.

For these 46 samples, the dependent, surface resis-
tance Rs (Q) and independent, mass M (g/m?), thick-
ness & (mm), and air permeability Pa (I/m?/s), vari-
ables are presented in table 1. The surface resis-
tance Rs (£2) was measured as the ratio between the
direct voltage applied between the two parallel elec-
trodes on the surface of a sample and the current
between these electrodes, neglecting the possible
polarization of the electrodes.

RESULTS AND DISCUSSION

The problem to be solved is the elimination of high
energy consumption by electrode prototypes that
lack proper electrical conductivity. The realization of
proper electroconductive materials involves a signifi-
cant consumption of chemicals (e.g. polymers and
metal powders) that are very water- and energy-
intensive. Thus, to avoid using prototypes of materi-
als that do not suffice for use as surface electrodes,
we used predictive analysis. Our analysis started
from the correlations between the obtained parame-
ters to determine the prototype that delivers the

desired electroconductive properties (e.g. 103-107 Q)
with reduced consumption of raw materials, energy
and water. In general, using metal powders for elec-
troconductive pastes increases the mass of the elec-
troconductive paste compared to polymer-based
paste (PEG, PVA, PPY). Thus, a material with
reduced thickness, increased mass, low surface
electrical resistance and implicitly high electrical con-
ductivity indicates the predominant presence of metal
powders. At the same time, a material with low mass
but high thickness, with high surface resistance and
implicitly without electrical conductivity indicates the
excessive presence of polymers without conductive
properties. Air permeability can also be increased by
depositing polymer films on the fabric surface.
However, in the case of films with integrated metal
microparticles, continuity is no longer preserved,
increasing the air permeability because the paste
contains metal microparticles that do not form a con-
tinuous film.

Multiple regression modelling (equation 1) was used
to develop the mathematical models describing the
correlations between the independent variables:

Y =a;+by*X, + by*X, + byt b X (1)

where Y is the estimated value for the dependent
variable, X1, X2, X3,..., Xk are the values of the k
predictor variables, a1 is the point of origin and b1,
b2, b3,..., bk are the coefficients for the k predictor
variables.

Figures 1-4 show the 3D representations of the sur-
face resistance Rs (Q2) as a function of thickness G
and mass M, respectively. Air permeability and mass
with residual values are included and excluded,
respectively.

* Rsvs.M,G

Fig. 1. 3D graphical representation of surface resistance values as a function of the thickness G and mass M,
with residual values included
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Fig. 2. 3D graphical representation of surface resistance values as a function of thickness and mass,

with residual values excluded

Fig. 3. 3D graphical representation of surface resistance values as a function of air permeability Pa and mass M,

with residual values included

Rs vs. M, Pa
Excluded Rs vs. M, Pa

1600

Fig. 4. 3D graphical representation of surface resistance values as a function of air permeability Pa and mass M,
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Table 1

PHYSICO-MECHANICAL AND ELECTRICAL CHARACTERIZATION OF CONDUCTIVE EXPERIMENTAL SAMPLES
No. | PPY Ni Al Ag Zn | Fe304 | Graphite| Cu | PEG | PVA M* o** Pa*** | Rs****
1 X X X 1159 | 2.13 | 9.29 104
2 X X 1587 | 4.48 | 33.9 107

3 X x | 1431 | 334 | 31.7 | 1.1107
4 X X X 709 | 0.915 | 4546 | 10
5 X X 515 | 1.011 | 5.755 107
6 X X 752 | 1.011 | 4.31 1012
7 X X 556 | 4.385| 16.8 103
8 X 650 | 1.527 | 8.876 107
9 X 658 |1.847 | 6.123 | 103
10 X X 476 | 1.304 | 4.27 108
1" X X 586 | 1.317 | 3.88 108
12 X X 741 | 1.894 | 5.656 1012
13 X X 863 228 | 7.55 10"
14 X X 858 | 2.07 | 12.2 | 10
15 X X 897 | 213 |27.83 | 1012
16 X X 720 | 2.75 | 9.03 109
17 X X 816 | 3.25 [19.15| 108
18 X X 824 3.05 | 25.94 109
19 X X 995 5.82 | 25.64 109
20 X X 760 | 2.25 | 9.52 103
21 X X 776 1.77 | 33.16 103
22 X X 670 219 | 111 103
23 X X 761 3.22 | 14.35 103
24 X X 721 3.42 | 2454 103
25 X X 702 3.52 | 31.92 108
26 X X 780 5.38 | 264.8 103
27 X X 1276 | 2.68 [101.99| 1010
28 X X 925 2.96 | 31.22 1012
29 X X 1020 | 2.93 | 9.83 1010
30 X X 841 2.01 | 15.07 10M
31 X X 1033 | 3.34 | 24.72 | 1010
32 X X 828 442 | 109.1 108
33 X X 992.8 | 2.932 | 8.148 | 1012
34 X X 9504 | 3.9 (10.148| 103
35 X x [1020.4] 3.248 | 3.248 103
36 X X 1125.2| 4.106 | 90.3 1010
37 X X | 966.4 4 190.383| 103
38 X x [1002.8| 4.762 | 141 103
39 X 5908 | 1.5 | 1134 103
40 X X 623.2 | 1.424 | 109.4 107
41 X 623.6 | 1.42 | 121.8 1010
42 X X 513.6 | 1.472 | 187.4 108
43 X X 602.8 | 2.408 | 55.73 108
44 X X 769.6 | 3.878 | 143 103
45 X 5772 | 1.25 | 88.14 10%
46 X X 559.2 | 1.684 | 16.2 10°

Note: * M (g/m2) — mass per unit length; ** & (mm) — thickness of the textile material; *** Pa (I/m%/sec) — air permeability at 100 Pa
pressure; **** Rs (Q) electrical resistance.

industria textila 655' 2024. vol. 73. mo. 3




The correlation coefficient (equation 2) between the
vector Rs and the mass vector M shows a positive
value (Rgg )y = 0.0619), resulting in a direct correla-
tion between the mass and the electrical resistance
of the surface. The correlation coefficients between
the Rs vector and thickness G and air permeability
Pa respectively show negative values (RRS,G =
—0.1714, Rgg pg = —0.2093), and it follows that there
is an inverse correlation signifying that when air per-
meability increases, the thickness of the conductive
layer and the electrical surface resistance decrease
and the electrical conductivity of the textile surface
increases.
R _ |1.0000 0.0619

RsM = 10.0619 1.0000

& R12pgy = R21gey = 0.0619  (2)

R. = |1:0000 -0.1714
Rs.G "~ 1-0.1714  1.0000

& R1,2zs6 = R2,1geg=-0.1714  (3)

R _|1.0000 -0.2093
RsPa ™ 1_0.2093 1.0000

& R1,2pgp, = R21ggp, = 02093  (4)

For the prediction of the surface electrical resistance
values (Rs [Q]), the following mathematical models
were developed using the established independent
variables (M, 3, Pa) in MATLAB:

» the mathematical model M1 (equation 5) for the
prediction of surface electrical resistance values
(Rs[€Q2]) for copper-based materials depending on
the air permeability Pa (I/m2/sec) and the mass of
the functionalized material M (g/m?):

z=5.263*10" + 2.912*10"x + 2.532*1012y +
+4.969*10"1*x2 — 1.732*10""*x*y + 6.883*1010*y2 —
—1.039*1012x3 + 4.651*x2*y — 1.35*10"12x*y2 —
—8.421*1012%y3 _ 5.837*10"*x4 + 1.793*x3*y +
+4.998*1012x2*y2 — 4.84*1012*x*y3 —
—3.689*1012*y4 + 1.917*10"*x5 — 1.63*1012x%*y +
+4.303*1012x3*y2 — 4.848*1012*x2*y3 —

— 4.84*1012*x*y* + 4.264*1012%y5 (5)
where z is surface electrical resistance Rs, x —
thickness G and y — mass M.

» the mathematical model M2 (equation 6) for the
prediction of surface electrical resistance values Rs
(Q2) for copper-based materials depending on the
air permeability Pa (I/m?/sec) and the thickness of
the functionalized material G (mm]):

z = 4.726*10"3 + 3.296*1012*x — 1.232*1014*y —
— 2.457*1013*x2 — 4 113*1012*x*y + 1.128*1014*y2 —

—9.435*107*x3 + 2.484*1010x2*y + 1.79*1012x*y2 —

— 4.6771013*y3 + 9.799*106*x# — 7.338*108*x3*y +
+ 8.721*10%9*x2*y2 — 4.173*10 1 1*x*y3 +
+9.04*1012*y4 — 4.331*10%*x5 + 1.295*106*x%*y +
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+ 8.924*107*x3*y2 — 2. 178*10%*x2*y3 +
+ 3.549*1010*x*y4 — 6.346*1011*y5 (6)

where z is Rs, x — air permeability Pa and y — G.

» the mathematical model M3 (equation 7) for the
prediction of surface electrical resistance values Rs
(Q) depending on the air permeability Pa (I/m?/sec)
and the mass of the functionalized material M
(g/m?):

z =2.119*10° - 4.353*105 + 1.142*108y  (7)

where zis Rs, x —Paand y — M.

» the mathematical model M4 (equation 8) for pre-
dicting the electrical resistance values Rs depend-
ing on the mass M and the thickness G of the con-
ductive material:

z = 1.435*105 *x + 2.238*10% — 1.435*10%*x2 —
—42.15*y2 + 0.02128*y3 (8)

where zis Rs, x — Gand y — M.

» the mathematical model M5 (equation 9) for the
prediction of electrical resistance values Rs
depending on the thickness of the conductive
material G and air permeability Pa:

z = 12.49x — 2.292*10%xy + 5.78*105y2 —
—5313y3 - 12.49y — y3 — yx4 (9)
where z is Rs, x — G and y — Pa.

Table 2 shows the elements defining the predictive
power of mathematical models, such as the coeffi-
cient of determination, which quantifies the square of
the multiple correlation coefficient (R?), and the
adjusted coefficient of determination (adjusted R2).

Table 2
DEFINING ELEMENTS FOR THE PREDICTIVE
POWER OF MATHEMATICAL MODELS

Model R? Ajusted R2
M1 0.9353 0.7504
M2 0.9191 0.6879
M3 0.844 0.8367
M4 0.7729 0.7567
M5 0.7464 0.7233

CONCLUSIONS

In conclusion, the values of the adjusted coefficient of
determination (adjusted R2), show that the predictive
power of models M1, M3, M4 and M5 is reasonable.
We observed that the coefficient of determination
(R?) values are close to 1 for mathematical models
M1, M2, and M3, with the best prediction provided by
models M1 and M2.
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