1st International Scientific Conference e R A 16-17 Sep 06 Tripolis  


Title:  An experimental simulation of human body behaviour during sweat production, measured using textile electrodes

G. Priniotakis*, L. Van Langenhove**, P. Westbroek**

* School of Applied Technology

Department of Textile Engineering

Τ.Ε.Ι. of Piraeus

** Department of Textiles

University of Ghent

Belgium

Περίληψη
Το άρθρο περιγράφει ένα πειραματικό ηλεκτροχημικό κύτταρο που χρησιμοποιήθηκε ως απλοποιημένη προσομοίωση ανθρώπινου μέλους χρησιμοποιώντας ένα ηλεκτρολύτη ανάμεσα από δύο μεμβράνες (προσομοιάζοντας το ανθρώπινο δέρμα). Αποτελεί την συνέχεια ερευνητικού προγράμματος που βασίστηκε στην δημιουργία συσκευής για τον ποιοτικό έλεγχο και χαρακτηρισμό ηλεκτροδίων κατασκευασμένων από αγώγιμα υφάσματα [8-12].  Πάνω από τις μεμβράνες και σε επαφή με αυτές τοποθετήθηκαν ηλεκτρόδια κατασκευασμένα από αγώγιμο ύφασμα ώστε να γίνεται δυνατή η μέτρηση της ηλεκτροχημικής σύνθετης αντίστασης από την οποία είναι δυνατό να λάβουμε ηλεκτρική αντίσταση του ηλεκτρολύτη, τις ιδιότητες των πόρων της μεμβράνης (δέρματος) και την ηλεκτρική αντίσταση της μεμβράνης (δέρματος). Ανάλογα με την διαφυγή του ηλεκτρολύτη από τους πόρους της μεμβράνης μπορούμε να διαχωρίσουμε το ποσό εφίδρωσης του ανθρώπινου σώματος. 

Η έρευνα πραγματοποιήθηκε στα πλαίσια διδακτορικής διατριβής στο πανεπιστήμιο του Gent στο Βέλγιο.

Abstract

In this contribution an electrochemical cell is used to simulate a simplified human body by an electrolyte solution sandwiched between two membranes (mimicking the skin). On top of the membranes textile electrodes are positioned that allow measurement of the electrochemical impedance from which it is possible to obtain the electrolyte solution resistance, the pore properties in the membrane and the resistance of the membrane. Dependent of water leackage through the membrane a sweating body or body in rest can be simulated.
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1. Introduction

The research, development and application activities in the field of intelligent textiles have grown tremendously over the past ten years. As a result an important amount of intelligent textile products were developed, such as respibelt, smart shirt, life shirt, wearable mother boards, cardiogram detection, smart bra, socks and gloves, MP3 jacket and intelligent protective clothing [1-4]. Despite the useful applications of these developed products, they are mainly used for qualitative measurement of parameters (e.g. cardiogram, respiration rate) and often show limited reproducibility, accuracy and selectivity. This is mainly caused by a trial and error approach instead of systematic, well-planned and managed research.

Another reason for the limited reproducibility of intelligent textile sensing systems is their use in a very complicated environment, such as the human body surface. A lot of parameters can possibly interfere at the measured signal (e.g. a measured potential is not only dependent of heart beat but also of neuron reactions in the body, humidity and oxygen concentration of the surrounding air, humidity of the skin in contact with the intelligent textile electrodes, contact surface between textile electrodes and skin surface, …) making it almost impossible to get reproducible results for the parameter of interest. In addition, the higher mentioned intelligent textile electrode products are mainly developed and used immediately at the human body [5-7]. In these cases it is impossible to get reproducible results and/or understand and gain insight in the working mechanism of the sensor system because modelling of all parameters that contribute to the signal is too complicated.

It becomes clear that, despite the promising possibilities for applications of intelligent textiles, still a lot of fundamental work needs to be done to understand the behaviour of the electrodes and their behaviour in contact with the human skin [8-12]. The results of this paper show a first attempt to model the interphase between textile electrodes and the human skin by using an electrochemical cell. This cell is described in the experimental section and mimics the system textile electrode – skin – electrolyte – skin – textile electrode as it is the case if two textile electrodes are positioned planarly at the human body, e.g. at an arm or a leg.

2. Experimental

The electrochemical cell consists basically of two PVC plates, as shown schematically in Figure 1. The electrodes are positioned at the inner side of the plates (1) with rubber fittings (2), having a hole of a specified diameter. The distance between the electrodes is determined by the length of the tube (3) positioned between the plates, this tube is filled with electrolyte solution (4). The complete structure is kept together with screws (5).

The metal sheets used to characterise the electrochemical cell consisted of 99.995% pure Pd metal obtained from Goodfellow. The palladium surface was polished on emery paper 1200 grid to obtain a fresh surface and further polished with Al2O3 polishing powder on polishing cloth. To smoothen the surface consecutively Al2O3 powder of 1, 0.3 and 0.05 (m was used for respectively 5, 10 and 20 minutes. Finally, the surface was subjected to ultrasonic cleaning for 1 minute.

Figure 1: Scheme of the electrochemical cell consisting of (1) PVC plates, (2) rubber ring fittings, (3) PVC tube, (4) electrolyte solution (5) screws and (6) textile electrodes.
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The textile electrodes were obtained from Bekintex and were composed of stainless steel fibres. Knitted, woven and non-woven structures were tested. NaCl was purchased from FLUKA, while doubly deionised water was used to prepare the solutions. For the experiments done with artificial sweat as electrolyte a solution containing 20g L-1 NaCl, 1 g L-1 urea, 500 mg L-1 of other salts and NaOH or HCl was used to maintain the pH of the sweat at a value of 5.8.

Teflon® membranes were obtained from Goodfellow. These membranes have a thinkness of 0.175 mm, a pore density of 35% and the average pore diameter was respectively 5.0 and 0.45 (m.

For the experiments, a potentiostat PGSTAT20 of ECO chemie was used, extended with a Frequency Response Analyser (FRA) module in order to be able to perform impedance measurements. The frequency of the alternating potential that was applied was varied from 1mHz to 1MHz with a maximum amplitude of 10 mV.

3. Results and discussion

The characterisation of the electrochemical cell

First the electrochemical cell, described in the experimental section was characterized by using three different types of intelligent textile structures, a knitted, woven and non-woven structure, made of stainless steel fibers. Characterisation of the cell was done by applying an alternating potential between the electrodes positioned in the electrochemical cell and by measurement of the resulting alternating current at different frequencies in a range from 0.1 Hz to 1 MHz. From the applied potential and the measured current it is possible to obtain the impedance, which is composed of the real (R) and imaginary impedance (j(RC) resulting in a Nyquist plot [38].
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An example of such a plot is given in Figure 2a, recorded in the electrochemical cell with knitted textile electrodes of 314 mm2, a distance of 112 mm between the electrodes and varying electrolyte concentration from 0.1 to 10-3 mol L-1. 

For a complete characterization of the electrochemical cell the knitted textile electrode surface area exposed to the electrolyte solution was varied from 19.6 to 491 mm2 and the distance between the electrodes from 27 to 112 mm. In Figure 2b the real impedance and the phase angle shift between applied potential and measured current is given as a function of frequency of the applied potential and was obtained from the same experiment as performed for the data in Figure 2a. The curves in Figure 2 are explained as follows: the used electrochemical cell is of the type of a typical conductivity cell and the equivalent electrical circuit corresponding to this cell is given in Figure 3b, which is an extended form of the equivalent circuit in Figure 3a. 
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Figure 2: Nyquist (a) and Bode plots (b) recorded at palladium electrodes positioned in the electrochemical cell with a distance between the electrodes of 112 mm, and electrode surface area of 314 mm2 and electrolyte concentrations of (1) 10-1, (2) 10-2, (3) 10-3 moll-1 NaCl

[image: image4.emf]-10

0

10

20

30

40

50

0 2 4 6

log f (f/Hz)

phase 

angle shift 

(°)

1

2

3

b

In Figure 3a the equivalent circuit for one electrode and its interface with the electrolyte is shown. This situation can be obtained by using a so called three electrode setup, which will not be further described in detail. Rct is the charge transfer resistance, which is mainly the resistance that should be overcome to transfer electrons from the liquid electrolyte to the solid electrode substrate. Zw( expresses the Warburg impedance and corresponds to the impedance caused by diffusion of charged species in solution. Finally, when applying a potential over the electrodes an electrical double layer is established at the interfase of the electrodes with the electrolyte solution, hence the presence of a capacitor Cdl in the equivalent circuit. However, in this investigation it is not possible to use the equivalent circuit shown in Figure 3a because two identical electrodes are used instead of a three electrode setup. The equivalent circuit corresponding to this system is given in Figure 3b, it can be seen that two elements are added to the EC of Figure 3a, which are R(, the resistance of the electrolyte and C( a geometrical capacitance, a parameter that is dependent of the positioning of the electrodes. From this circuit it can be seen that in the high frequency range the current flows exclusively through the capacitive part because its charging and discharging is so fast that it acts as a conductor. In Figure 2a this can be seen as an impedance that consists only of an imaginary part, with the real impedance near to zero. In Figure 2b this results in a phase angle shift of 90°, a typical capacitive behaviour. However, with decreasing frequency the charging and discharging rate becomes slower, resulting in an increasing resistive behaviour of the capacitor, while the resistive behaviour of the resistive part R( in the circuit remains constant. Therefore an increasing current fraction will flow through the resistive part R( (the other fraction still flows through Cdl) resulting in a decreasing phase angle shift (Figure 2b) and the formation of a semi circle (Figure 2a). At the frequency where the semi-circle is completed, the electrical current flows only through the resistive part R(. Indeed at this point the imaginary impedance is zero, hence, the total impedance is equal to the real impedance. For the frequencies corresponding to the completion of the semi-circle a phase angle shift of zero is observed, which corresponds to pure resistive behaviour. Under these conditions the real impedance is equal to the resistance in direct current mode. It is this resistance that is of our concern and that reflects the resistance of the electrochemical cell. If the frequency is decreased further, diffusion of ions from the electrolyte becomes important, which is expressed by the Warburg Impedance (ZW). However, this type of impedance is not relevant for this investigation and not further discussed. It should be noted that in principle a second semi-circle should be obtained determined by Rct but in this case it is not observed because the Warburg impedance interferes seriously at lower applied frequencies.
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For each experiment performed at different electrolyte concentrations (10-5, 10-4, 10-3, 10-2 and 10-1 mol L-1), different electrode surface areas (19.6, 78.5, 176, 314 and 491 mm2) and different distances between the electrodes (27, 91 and 112 mm) the real impedance at a phase angle shift of zero was determined and plotted logarithmically. Linear relationships are obtained between log R and log c (with c the concentration of the electrolyte solution) up to concentrations of 10-4 mol L-1. The slope of these curves is near –1(0.05, which means that the obtained resistance of the cell is linear with c-1 as expected from theoretical considerations. It can also be seen that the slope of the relationships does not depend on the surface area and the distance between the electrodes. The curves are shifted towards less resistive behaviour (smaller R) for larger values of the electrode area and for decreasing distance between the electrodes. This is shown also in Figure 4 where log R is given as a function of electrode surface area A, for d = 91 mm and for distance between the electrodes d, with A = 491 mm2. 

Figure 4: Calibration plots of log R vs. log A (a) and log R vs. log d (b) recorded at palladium electrodes in the electrochemical cell for electrolyte concentrations of 10-1 (1), 10-2 (2), 10-3 (3) and 10-4 mol l-1 NaCl (4). A =491 mm2 in (b) and d=91 mm

A slope of –0.65(0.03 is obtained for log R vs. log A and 1(0.04 for log R vs. d. The latter means that the resistance increases linearly with the distance between the electrodes. Similar results were obtained for the other values of A and d investigated in this work. Also for the other types of electrodes similar results were obtained. Again linear relationships were observed, which allows to quantify and characterize the electrochemical cell by the following equation :
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with R the resistance in ohm, k a constant being 22.5(1.0 at 298.0 K, d the distance between the electrodes in mm and A the surface area of the electrodes in mm2. This section of the investigation shows that quantifiable and reproducible results can be obtained for parameters such as electrolyte concentration, distance between the planarly positioned electrodes and surface of the electrodes.

Implementation of membranes in the electrochemical cell

In this section of the investigation membranes were inserted in the electrochemical cells. These membranes are positioned between the textile electrodes and the electrolyte and mimic the skin of the human body. Before describing results it should be pointed out very clear that inserting these membranes makes the system much more complicated. Therefore it was at this moment only possible to obtain qualitative results. Quantitative analysis requires much more experiments with different types of membranes, cell configurations and variation of relevant parameters. This investigation will start in the near future.

For the first set of data two different membranes were used, both made from Teflon (PTFE). The first membrane has pore sizes of 5 (m, a diameter that allows electrolyte solution to penetrate through the membrane. The second membrane has pore sizes of 0.45 (m, which is a membrane that does not allow electrolyte to penetrate easily through the membrane. The purpose of this type of experiments is to investigate the electrochemical impedance behaviour of the systems, which in fact mimic the human body in rest (no sweat production) and during sweating (electrolyte penetrating through the pores of the membrane or the skin).

The equivalent circuit shown in Figure 3b is extended with an additional RC element that expresses the presence of a membrane (Figure 5). 
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Figure 5: extended equivalent circuit for presence of membrane
Rm shows the resistance within the pores of the membrane, a resistance that is different from R( because the microstructure in the pores results in different properties compared to the bulk of the electrolyte. Cm is the capacitive contribution of the interfase electrolyte – membrane and depends strongly on the contact surface of this inter-phase, thus this capacity depends on the pore size and the pore density.

Experimental curves obtained in a cell with an electrolyte solution concentration of 10-2 mol L-1 are shown in Figure 6. A clear difference can be observed, for the membranes with pore size of 5 (m two well-defined semi circles are detected, while for the membranes with pore size of 0.45 (m only one well-defined semi circle was detected. 
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Figure 6: Impendance plots as a function of time recorded in 10-3 mol l-1 NaCl using a membrane with pore size of 5 μm (left) and 0.45 μm (right)

These data can be explained as follows for the left (5 (m pores) and the right (0.45 (m pores) figure in Figure 6, which are measured as a function of time. For the left not much difference is observed because equilibrium is obtained very fast, for the right one it takes some time (about 1 day) to obtain equilibrium due to the small pore sizes. For both figures a relatively small semi circle is obtained at high frequencies with a resistive value of about 8000 Ohm in the left figure, a not measurable resistance in the right one. This is in fact the electrolyte solution resistance R(, which is the only resistance to be measured at high frequencies. For lower frequencies, which means that Cm starts to behave as a resistive element, the current flows through R( and Rpo resulting in a second semi circle with R = 18.000 Ohm. Probably a third semi circle can be detected but its shape us to rough to decide if this is a semi circle or not. More detailed information should be obtained first.

In the right figure only one semi circle is observed and it takes quite a lot of time to obtain a steady shape of the semi circle. In the first curves it is not possible to obtain a semi circle because at that moment there is no contact between the electrolyte and the electrode surfaces due to the membrane acting as a barrier. In this case no charge can be transferred over this non-existing inter-phase that determines the total shape of the curve. After a few hours some electrolyte has penetrated in the pores and makes contact with the electrode, but still the actual contact surface is very small, which explains the high resistive behaviour (typical resistances of Mohm). The data above 3 Mohm are unreliable because for those high impedances the impedance of the equipment and the connecting wires starts to contribute to the overall impedance.

However, based on these results a first qualitative detection can be done by differentiating between a body that is sweating, e.g. during labour, sports, fever, and a body that is not sweating (during rest, sleep).

4. Conclusion

This research is a preliminary start of a study to investigate and understand the behaviour of textile electrodes and to gain insight in the inter-phases electrode- electrolyte and electrode – skin – electrolyte in order to be able to model the system and to use it for detection of parameters and body conditions. As pointed out earlier still a lot of work needs to be done but the preliminary work shows that promising possibilities can be offered.
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Figure 3: Equivalent eletrical circuit corresponding to the system in the electrochemical cell
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