Special issue on Smart and high functional textiles

Experimental design using the Taguchi method for the development
of conductive textiles used in flexible thermoelectric generators

DOI: 10.35530/1T.075.01.202360

RALUCA MARIA AILENI CRISTINA STROE

ABSTRACT - REZUMAT

Experimental design using the Taguchi method for the development of conductive textiles used in flexible
thermoelectric generators

This paper presents several aspects of the robust experimental design methodology using the Taguchi method to
develop electrically conductive textiles. These conductive textiles will be used to make thermoelectric generators based
on the Seebeck effect. Since the experimental development involves the use of the magnetron sputtering method with
more than three variables, the Taguchi method was selected to observe how different parameters (5 independent
variables such as argon flow, power, pressure, deposition surface area and metal type used for solid targets) influence
the mean and variance of the process performance defined by the thickness of the metal film deposited (dependent
variable). In the experimental design framework, the analysis using the Taguchi method, followed by optimisation,
helped select the optimal experiments from the set of possible experiments. This methodology reduced the number of
experiments by 21-42% and minimised resource consumption (e.g., metal targets, argon, energy).
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Design experimental pe baza metodei Taguchi pentru dezvoltarea materialelor textile conductive pentru
generatoare termoelectrice flexibile

Aceasta lucrare prezintd cateva aspecte ale metodologiei designului experimental robust utilizdnd metoda Taguchi,
pentru a dezvolta textile electroconductive. Aceste textile conductive vor fi folosite pentru realizarea generatoarelor
termoelectrice bazate pe efectul Seebeck. Deoarece dezvoltarea experimentalda implica utilizarea metodei de
pulverizare magnetron cu mai mult de trei variabile, a fost selectatd metoda Taguchi pentru a observa modul in care
diferiti parametri (5 variabile independente, cum ar fi debitul de argon, puterea, presiunea, suprafata de depunere si tipul
de metal pentru fintele solide) influenteazd media si varianta performantei procesului definit de grosimea stratului metalic
depus (variabild dependentd). In cadrul designului experimental, analiza folosind metoda Taguchi, urmaté de optimizare,
a ajutat la selectarea experimentelor optime din setul de experimente posibile. Aceastd metodologie a redus numarul
de experimente cu 21-42% si a minimizat consumul de resurse (de exemplu, tinte metalice, argon, energie).

Cuvinte-cheie: conductiv, rezistenta electrica, plan experimental, metoda Taguchi, textil, generator termoelectric

INTRODUCTION

The transformation of the textile into an electrical
thermoelectric generator (TEG) is a challenge for
researchers. Scientific literature presents numerous
methods for creating flexible thermoelectric genera-
tors integrated into garments by conducting polymers
such as polyelectrolyte complex poly(3,4-ethylene
dioxythiophene): poly(styrene sulfonate) (PEDOT:

legs influence the performance of the final TEG (inner
resistance, output voltage and power) [8].

EXPERIMENTAL PART

Based on the Seebeck effect, an experimental plan
using the Taguchi method has been designed to
develop conductive materials for thermoelectric gen-
erators. The specific parameters for the deposition of

PSS) as the p-type material and sewing conductive
yarns [1, 2], vertically aligned p-type PEDOT: PSS
and carbon nanotubes [3-5] or PEDOT: PSS thin film
(as p-type) and aluminium wire (as n-type) integrated
[3] by the 3D printing method in TEG using the
Seebeck effect. In addition, PEDOT: PSS, MWCNTs,
and Bi2Te3 were reported to coat polyester yarns
(P-type thermoelectric legs) connected by copper
wires [6]. A scientific approach is to use the Taguchi
method for designing TEG-based cubic-shaped
P-type (Bi0.5Sb1.5Te3) and N-type (Bi2Se0.5Te2.5)
thermoelectric leg-based Seebeck effects [7]. The
materials used for P-type and N-type thermoelectric
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conductive layers using the magnetron sputtering

method are:

— the specific thickness (100 nm, 150 nm, 200 nm);

— textile surface with area A (100 mm2, 150 mm?2,
200 mm?);

—argon flow (40 sccm, 50 sccm, 60 sccm);

— pressure (3x10™ mbar, 4x10~° mbar, 5x10~°
mbar);

— RF generator power (80 W, 100 W, 150 W);

— metal targets (silver, copper and nickel).

To create the experimental plan, 5 variable influence

factors (table 1) and three levels (distinct values)
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were used for each factor, as follows: metal (copper,
nickel, silver), pressure (3x10~° mbar, 4x10~° mbar,
5x10~% mbar), generator power (80 W, 100 W, 150 W),
argon flow (40 sccm, 50 sccm, 60 sccm) and the
response variable the thickness of the deposited
metal thin layer (100 nm, 150 nm and 200 nm) by the
magnetron sputtering method.

To obtain conductive materials to generate electricity
through the thermocouple effect, the minimum elec-
trical resistance (Rs = 103) associated with the max-
imum value for the thickness of the metal layer [9]
deposited (200 nm) by the magnetron sputtering
method was considered.

ANALYSING THE EXPERIMENTAL DATA

The signal-to-noise ratios (S/N) and the thickness
response variable were used depending on the inde-
pendent variables (metal, metal deposition surface,
pressure and argon flow) to analyse the Taguchi
experimental plan. The signal-to-noise ratio (S/N) is a
measure of robustness and can be used to identify
the appropriate settings for factors to reduce the
effect of noise on the response. The signal-to-noise

ratio (S/N) was calculated separately for each combi-
nation of control factor levels in the experimental
design. For the S/N ratio (equation 1), the static
model 'larger is better' was chosen to maximise the
response (thickness).

= = ~10log [S(1/y2)/ 1] ()

where y represents the responses given at the factor
level and n is the number of factor-level responses.

For the influencing factors, the signal-to-noise
responses are presented in table 2. The main effects
plot (figures 1 and 2) shows how each factor influ-
ences the response characteristic (S/N ratio or mean
values). A main effect exists when different factor lev-
els (e.g., metal deposition surface) affect the S/N
ratio differently. For a factor 'metal’ with three levels,
it is observed that there are increases and a reduc-
tion for three levels (200 mm?2, 150 mm? and 100 mm?)
compared to the average value of the S/N ratio. This
aspect indicates that the deposition surface cannot
precisely influence the thickness of the deposited
layer because the distribution of the metal deposition

Table 1
EXPERIMENTAL PLAN FOR THE DEPOSITION OF CONDUCTIVE MATERIALS
BY THE MAGNETRON SPUTTERING METHOD

No. Metal Surface area Pressure Argon flow Power Thickness
(mm?2) (mbar) (sccm) (W) (nm)
1 Copper 100 3x107° 40 80 100
2 Copper 100 3x10~5 40 100 100
3 Copper 100 3x10°5 40 150 100
4 Copper 150 4x1075 50 80 150
5 Copper 150 4x107° 50 100 150
6 Copper 150 4x107° 50 150 150
7 Copper 200 5x10~° 60 80 200
8 Copper 200 5x10~5 60 100 200
9 Copper 200 5x10~° 60 150 200
10 Nickel 100 4x1075 60 80 100
11 Nickel 100 4x105 60 100 100
12 Nickel 100 4x1075 60 150 100
13 Nickel 150 5x10° 40 80 150
14 Nickel 150 5x10~° 40 100 150
15 Nickel 150 5x10~° 40 150 150
16 Nickel 200 3x107° 50 80 200
17 Nickel 200 3x10-5 50 100 200
18 Nickel 200 3x10-° 50 150 200
19 Silver 100 5x10~° 50 80 100
20 Silver 100 5x10~° 50 100 100
21 Silver 100 5x10~° 50 150 100
22 Silver 150 3x10~5 60 80 150
23 Silver 150 3x10° 60 100 150
24 Silver 150 3x10~5 60 150 150
25 Silver 200 4x1075 40 80 200
26 Silver 200 4x105 40 100 200
27 Silver 200 4x1075 40 150 200
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Table 2

SIGNAL-NOISE RATIOS (S/N)

Level Metal Surface area Pressure Argon flow Power
1 43.18 40 43.18 43.18 43.18
2 43.18 43.52 43.18 43.18 43.18
3 43.18 46.02 43.18 43.18 43.18

Delta 0 6.02 0 0 0

Rank 3.5 1 3.5 3.5 3.5

Main effects plot for SN ratios
Data means
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Fig. 1. Main effects plot for S/N ratios
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Fig. 2. Main effects plot for means
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Figure 3 shows the S/N ratio for the
factor (independent variable) levels
represented by categories 1 and 2
(table 3) of the independent vari-
ables pressure, argon flow and
power. Table 4 presents the vari-
ance analysis for the signal-to-
noise ratio.

Equation 2 for the signal-to-noise
ratio (Rsz) model is shown below:

R, =44.2387516318562 —
—0.752574989159954*x, — 150 —
— 0.752574989159939*x, —

—0.00004 -
—1.00833760139685*x5 — 50 +

Category 1

Category 2

—&— 100

—&—0.00003 ——40 —<—80

+0.440228147639218*x, — 100
(2)

The model that considers the

Fig. 3. LS means (Signal to Noise ratios)

Table 3

INFORMATION ABOUT CATEGORY 1 AND
CATEGORY 2 FOR INDEPENDENT VARIABLES

Categories
number

Surface Area 2 150 200

Pressure 2 4x10-5 5x10—°
Argon Flow 2 50 60
2 100 150

Variables Category 1 | Category 2

Power

shows nonuniformity. In table 2, the Delta is the dif-
ference between each factor’s highest and lowest
mean response values. Ranks are assigned based
on Delta values. Rank 1 corresponds to the highest
Delta value.

average values of the influence
factors (Rm) is presented in mathe-
matical expression 3 below:
R, =165.625 — 12.5*x, — 150 — 12.5*x, —
—0.00004 - 12.5*x5 — 50 + 6.25*x, — 100  (3)

where x, is the surface of the metal deposit, x, — the
pressure, x5 — the argon flow, x, — the power.

In the experimental plan design by the Taguchi
method, the robustness of the method is evaluated
by identifying the control factors that reduce the vari-
ability of a product or process by minimising the
effects of uncontrolled factors (noise factors). Control
factors are those design and process parameters that
can be controlled. Noise factors cannot be controlled
during the production or use of the product, but they
can be controlled during experiments. Tables 4 and 5
present the analysis of variance for the signal-to-
noise ratio and the mean values.

Table 4
ANALYSIS OF VARIANCE (SIGNAL-TO-NOISE RATIOS)

Source DF Sum of squares Mean squares F Pr>F
Model 4 18.746 4.687 0.769 0.555
Error 27 164.454 6.091

Corrected Total 31 183.201
Table 5
ANALYSIS OF VARIANCE (MEANS)

Source DF Sum of squares Mean squares F Pr>F
Model 4 4062.500 1015.625 0.597 0.668
Error 27 45937.500 1701.389

Corrected Total 31 50000.000
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Table 6

MODEL (1) PARAMETERS (SIGNAL TO NOISE RATIOS)
Source Value Stanc:;:zd)*Error ¢ Pr> |t Lovzt;rssz:;und Upp(egrslo)ﬁ’o)und
Intercept 44.239 0.976 45.347 <0.0001 42.237 46.240
100-150 -0.753 0.873 —-0.862 0.396 —2.543 1.038
100-200 0.000 0.000
0.00003-0.00004 -0.753 0.873 —-0.862 0.396 -2.543 1.038
0.00003-0.00005 0.000 0.000
40-50 —1.008 0.873 -1.156 0.258 —2.799 0.782
40-60 0.000 0.000
80-100 0.440 0.873 0.505 0.618 -1.350 2.231
80-150 0.000 0.000
Table 7
MODEL (2) PARAMETERS (MEANS)
Source Value Stant:;rEc;*Error t Pr> [ Low((;;(l;)o)und Upp(t;rstzc;und
Intercept 165.625 16.305 10.158 <0.0001 132.171 199.079
100-150 -12.500 14.583 -0.857 0.399 —42.423 17.423
100-200 0.000 0.000
0.00003-0.00004 -12.500 14.583 -0.857 0.399 —42.423 17.423
0.00003-0.00005 0.000 0.000
40-50 -12.500 14.583 —-0.857 0.399 —42.423 17.423
40-60 0.000 0.000
80-100 6.250 14.583 0.429 0.672 -23.673 36.173
80-150 0.000 0.000

Tables 6 and 7 present the parameters of the models
that take into account the S/N ratio and the average
values of the influencing factors on 2 levels.
Standard Error is calculated with the following
equation:

*SE =o/Vn (4)

where G is the standard deviation and n — the num-
ber of samples.

RESULTS AND DISCUSSION

Using the Taguchi plan with the response variable,
the thickness of the deposited layer (d, the depen-
dent variable) and applying the optimisation to max-
imise the value of the metal layer deposited by the
magnetron sputtering method at 200 nm, with the
help of the maximisation function F(x) = y (y = 200
nm), a deposited metal layer with a maximum thick-
ness of 200 nm can be obtained using experimental
parameters such as pressure 1x10=° mbar, argon
flow 60 sccm, deposition surface 200 mm? and
power 150 W (figure 4). The optimal parameters for
the experiment (argon flow =60 sccm, pressure
1%x10~° mbar, power = 150 W, deposition surface =
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200 mm?) lead to obtaining a surface with a metal
layer 200 nm thick (figure 4).

CONCLUSIONS

In conclusion, the analysis by the Taguchi method
and the realisation of experimental plans, followed by
optimisation by maximisation, is essential because it
can help to select the optimal experiment from the set
of possible experiments. Thus, the number of exper-
iments is reduced, implying the reduction of resource
consumption (metal targets, argon, energy) to a few
experiments (e.g., from 24 experiments to 5-10
experiments) to obtain conductive textile surfaces to
develop electric thermoelectric generators.
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Fig. 4. Optimisation graph of experiments for the realisation of conductive materials for thermoelectric generators

REFERENCES

[1] Lund, A., Tian, Y., Darabi, S., Muller, C., A polymer-based textile thermoelectric generator for wearable energy
harvesting, In: Journal of Power Sources, 2020, 480, 228836

[2] Wen, N., Fan, Z,, Yang, S., Zhao, Y., Cong, T., Xu, S., Zhang, H., Wang, J., Huang, H., Li, C., Pan, L., Highly
conductive, ultra-flexible and continuously processable PEDOT: PSS fibers with high thermoelectric properties for
wearable energy harvesting, In: Nano Energy, 2020, 78, 105361

[3] Hasan, M.N., Ahmad Asri, M.l., Saleh, T., Muthalif, A.G., Mohamed Ali, M.S., Wearable thermoelectric generator
with vertically aligned PEDOT: PSS and carbon nanotubes thermoelements for energy harvesting, In: International
Journal of Energy Research, 2022, 46, 11, 15824—-15836

[4] Xu, C., Yang, S., Li, P, Wang, H., Li, H., Liu, Z., Wet-spun PEDOT: PSS/CNT composite fibers for wearable
thermoelectric energy harvesting, In: Composites Communications, 2022, 32, 101179

[5] Hasan, M.N., Nayan, N., Nafea, M., Muthalif, A.G., Ali, M.S.M., Novel structural design of wearable thermoelectric
generator with vertically oriented thermoelements, In: Energy, 2022, 259, 125032

[6] Ding, D., Wu, Q., Gao, Y., Wang, J., Chen, Y., Li, Q., PEDOT/CNT/Bi2Te3 coated porous thermoelectric yarns for
textile based wearable thermoelectric generator, In: Smart Materials and Structures, 2023, 32, 3, 035036

[7] Li, Y., Wang, X., Luo, D., Shi, Y., Ren, Y., Yan, Y., Recent development in structural designs and thermal
enhancement technologies of thermoelectric generator with different types of heat sources: A review, In: e-Prime-
Advances in Electrical Engineering, Electronics and Energy, 2023, 100180

[8] Wang, Y., Shi, Y., Mei, D., Chen, Z., Wearable thermoelectric generator to harvest body heat for powering a
miniaturized accelerometer, In: Applied Energy, 2018, 215, 690-698

[9] Sensing Performance — an overview | ScienceDirect Topics, Available at: www.sciencedirect.com/topics/engineering/
sensing-performance [Accessed on May 2023]

Authors:
RALUCA MARIA AILENI, CRISTINA STROE

National Research & Development Institute for Textiles and Leather,
Lucretiu Patrascanu 16, 030508 Bucharest, Romania

Corresponding author:

RALUCA MARIA AILENI
e-mail: raluca.aileni@incdtp.ro

industria textila 418 I 2024. vol. 73. no. 1






