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Abstract 

There are cardiac patients requiring their ECG to be 
constantly monitored. The quality of long-term electrical 
activity feature measurements in the ECG may rely 
considerably on the electrodes and their long-term skin 
interface performance stability; thus, affecting the 
accuracy of clinical diagnosis and treatment. 
Particularly, misbehavior of the skin-electrode 
impedance (ZSE) may cause a large degree of distortion 
in the ECG signal; therefore, it is important to analyze, 
characterize and provide a reliable modeling of any 
emerging dry electrode technology being used for long 
term ECG monitoring. In this paper we present a useful 
methodology for modeling the ZSE behavior. With the 
objective to obtain these parameters, we tested four 
methods for fitting curves: a) 1-time constant impedance 
of a circuit. b) 2-time constant impedance measurement. 
c) A fractional calculus with 1-time constant impedance, 
and d) A fractional calculus with 2-time constant 
impedance. As results we obtained that the 2-time 
constant circuit implementation of ZSE using a fractional 
calculus proved to be best fitted to the phase plot 
measured with the Solartron analyzer. 

 
1. Introduction 

Continuous monitoring of heart electrical signals is 
necessary for a number of cardiac patients due to the 
characteristics of their particular conditions. An instance 
of this is the need of implanting loop recorders, by means 
of a surgical procedure, in cases that require long term 
rhythm monitoring. This procedure allows for monitoring 
the patient for a period that can exceed two years. 
Problems related to this procedure include the high cost 
of the device and the risks derived from its surgical nature 
such as anesthetic reactions or infections [1]. The use of 
wearable devices for physiological measurement purposes 
has been the focus of growing attention [2]. The study of 
different electrodes with high performance characteristics 
is currently an active research area [3][4]. 

Commonly, electrodes are classified into three broad 
groups, namely wet (also called gelled), dry and 
capacitive coupled electrodes. Wearable monitoring 
systems can conveniently locate sensors in the wrist and 
arm when aiming at long term studies. In that case, it is 
also convenient to use dry sensors because they do not 
require maintaining the gelling of the skin-electrode 
interface. An inconvenient of dry electrodes is their 
higher impedance, compared to the gelled ones, however 
it has been reported that the response to motion artifacts 
can be comparable [6]. 

The desirable conditions for electrodes are: a low skin 
contact impedance, close to zero, and a null contact 
potential. However, it is not feasible to have real 
electrodes with these characteristics. The realistic aim is 
to develop electrodes with low skin-electrode impedance, 
denoted ZSE, and that show similar characteristics to 
subsequent electrodes in the settings selected for signals 
recording. 

The target of this work is to advance in a method for 
the characterization of electrodes by means of parametric 
modeling with particular interest in dry electrodes for arm 
wearable sensors. This includes the assessment and 
comparison of ZSE characteristics and frequency response 
in the 1 Hz – 100 Hz range. 

   
2. Methods 

In this work, we used a set up for the measurements 
identical to the structured for our previous work [7]. That 
is, we determined the electrical impedance by means of a 
Schlumberger SI 1260 impedance/gain-phase analyzer 
combined with a biological sample interface 
SOLARTRON 1294 (Solartron 1260 and Solartron 1294, 
Solartron Analytical, Farnborough, UK). This 
arrangement has been reported to be reliable and accurate 
in literature [8]. 

The “3-electrode” technique used by us to characterize 
the skin-electrode impedance (ZSE)  in [7] is repeated 
here. In this scheme, two Ag/AgCl electrodes (Ambu, 
Blue Sensor SP-00-S) are placed in the forearm so that 
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they act as reference and current return. The electrode 
under study was located at 5 cm from the reference and 
connected to the yellow and black terminals of the SI 
1260 as shown in figure 1.  

Physical elements that are circulated by the test current 
consist of the test electrode, the skin-electrode interface, 
the epidermis and the dermis. The circuit is closed with 
the current returning through the dermis, epidermis, gel 
and the return electrode (skin-electrode interface for the 
return electrode) [9]. The bottom of figure 1 illustrates the 
model corresponding elements 

 

 
Figure 1.   Circuit used to measure the electrode impedance. 
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Figure 2. Three element electrical circuit model for electrical-tissue 
interface. 

 
According to the three elements model of figure 2, R1 

represents the electrolyte intrinsic resistance, R2 
corresponds to the low frequency impedance of the skin-
electrode interface. Similarly, 2iZ  represents the skin-
electrode complex impedance. It has been determined that 
the capacitor impedance theoretical model given by 

CjZ 1  can be improved for applications in 
Bioengineering using a fractional calculus approach. 
Using this technique, the impedance is expressed as: 

CjZi 12  where 10 . The parameter α 
is used in order to adjust the impedance so that it can fit 
the actual data variability. 

If the single time constant model is used, the circuit 
impedance ZSE in the Laplace domain is expressed by: 
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Substituting s  by j  and extracting the complex 
roots of j, the solutions are obtained using: 

sincos jj  and replacing them in 
equation (1), the following expression is found: 
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It is worth noticing that 2C  must be quantified in  
Farad sec  as units. Therefore, the expression for the 
angle is: 
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    We incorporate here a variation that considers that 
capacitors vary their parameters with frequency as 
proposed in fractional calculus.  The steps for verification 
include performing the measurements with the analyzer, 
selecting the mathematical model and adjusting the 
parameters of this model so that the theoretical curve is 
adjusted to the data obtained by measurements. This work 
brings an improvement to our previous results by using 
fractional calculus in the mathematical model.  

 
Figure 3. Schematic representation of the circuit setup for measurements 
assuming a double time constant model. 

Further simplifications can be achieved by omitting the 
parallel elements R6//C6, because in the measurement its 
current is null. The parametric characterization carried out 
in this work, combines the double-time constant model as 
proposed in Assambo et al. [10] with the fractional 
calculus method for biological models presented by 
Magin and Ovadia in [11] as the approach for solving 
equations. 

The impedance function of the circuit is: 
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which can be simplified by defining the following 
resistor: 
 33 RRR tissuet       (6) 
and the following time constants: 

222 CR   and  444 CR                     (7) 

Once simplified using 3tR  the impedance function 
magnitude can be expressed as: 
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Where the imaginary impedance is given by:  
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And the real part of the impedance is given by 
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Where:  tt RRR 322 2    (11) 
  tt RRR 344 2    (12) 
  tT RRRR 342   (13) 

     The expressions above correspond to an Imaginary 
and Real part of the transfer function, the phase angle is 
important because it can be used as a measure of how 
close   the experimental plot, output by the impedance 
analyzer, and the analytical curve are with respect to each 
other. Computing the arctangent from equations (9 to 13) 
the following relation can be obtained: 
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    Thus, these mathematical expressions provide a 
reference theoretical model, which can be useful for 
verification, as well as for designing the ECG front-end 
amplification stage or a required pre-signal processing 
stage. 
    A MATLAB program, aiming at the minimization of 
the least squared error, was developed to adjust 
parameters of equation (5) to the data obtained 
experimentally with the Solartron analyzer. This 
MATLAB script is based on the lsqcurvefit function.
 
3. Results 

Five electrodes of different types were measured using 
the described set up. In figure 4, the selected dry 
electrodes are shown. In that illustration, the electrodes 
are numbered as follows: 1) AgCl stud (Ringtrode, 

BQEL1). 2) Iron (Fe), 3) Polyurethane – multipin -A, 4) 
Polyurethane – multipin –B and 5) Silver disc (Ag). 

 

 
Figure 4.    Dry electrodes used for the measurements. 

The impedance ZSE was measured for all the 
electrodes, placing them alternatively over the dry skin, 
varying frequency in the range from 1 Hz to 10 kHz. In 
figure 5, a graph corresponding to the measurements is 
shown. In this initial test, the multi-pin polyurethane-A 
electrode, had the lowest impedance at any frequency.  

 

 
Figure 5. Impedance magnitude vs frequency for the 5 electrodes 

Curve fitting tests were performed with measurements 
from electrodes shown in figure 4. An example of curve 
fitting for the polyurethane electrode (labelled with 
number 3) is shown in figure 6. A graph with the curve 
fitting using a one-time-constant model (red line), 
together with the adjustment for a double-time-constant 
model (blue line) are shown. The graph illustrates how, as 
expected, a circuit including a single discrete capacitor is 
insufficient to model the electrode under test plus the 
electrode-skin interface. 

It can be seen in figure 6(b), that the method proposed 
in this work fits the graph with an error lesser than 2% 
when fractional calculus is used for estimating the 
parameters of the electrical elements together with a 
circuit with two time constants. 

Once the minimization is achieved, the values for each 
of the resistors and capacitors of equations (5 - 14) can be 
calculated. These values are shown in Table I. 
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(a)                                         (b) 

  
 
Figure 6(a). Curve fitting using diferential calculus for the phase 
frequency response. Experimental data ‘o’. One-time-constant model ‘x’ 
(red). Double-time-constant ‘+’ (Blue). (b) Curve fitting using 
Fractional calculus proposed on this paper. 
 

TABLE 1. RESULTING CIRCUIT PARAMETERS 

Component Polyurethane – multipin 
-A 

Polyurethane – 
multipin -B 

R2 8,227 kΩ 10 kΩ 

Cβ2 803,18 )1(nF  616,01 )1(nF  

R4 56,28 kΩ 20,54 kΩ 

Cβ4 544,57 )1(nF  1,5793 )1(F  

RT 66,88 kΩ 30,64 kΩ 

Rt3 2,372 kΩ 99,0 kΩ 

ang θ 101,4° 79,12° 

α 0,5346 0,8138 

 
4. Discussion and Conclusion 

   The use of fractional calculus for modeling variations in 
the skin-electrode interface capacitance with frequency 
shows a better fitting of theoretical curves to the curves 
produced with data from measurements. This fact seems 
to confirm the observations of  Magin and Ovidia [11] 
and encourages further research.  
    In this study, RC circuit models of double time 
constant were conveniently adopted in order to 
approximate the impedance function obtained with the 
Solartron equipment, for a circuit like that of figure 2, 
with discrete parameters, resistances and fractions of 
capacitors, with the objective to model the electrode 
material conductivity, the electrode-skin interface and the 
dermis-epidermis component. This modelling approach is 
useful for the proper design of the ECG amplifier circuit 
with a transfer function that would enable a more accurate 
cardiac ECG signal and reduce linear distortion. 

A systematic method for determining the skin-
electrode impedances, ZSE, has been used to assess a 
selection of dry electrode materials. Encouraging results 
were obtained suggesting the development of more 
adequate mathematical models. 

One of the contributions of this work is to show that 

the skin-electrode interface capacitance and the tissue 
internal capacitance vary with frequency. This 
characteristic encourages the use of fractional calculus 
because it has been shown that it can adjust perfectly the 
experimental data curves obtained with the Solartron 
1260 and 1294 set up. This would enable better 
characterization of electrodes and their models for more 
adequate amplifiers design in wearable long term ECG 
monitoring systems. 

 
Acknowledgements 

This research is supported by funding from the European 
Union (EU): H2020-MSCA-RISE Programme (WASTCArD 
Project, Grant #645759). 
 
References 
[1] W.D. Lynn ,  O.J. Escalona and  D.J. McEneaney, “ECG 

monitoring techniques using advanced signal recovery and arm 
worn sensors”. IEEE International Conference on Bioinformatics 
and Biomedicine, IEEE BIBM 2014 , pp. 51-55. 

[2] O. Escalona and M. Mendoza, “Electrocardiographic Waveforms 
Fitness Check Device Technique for Sudden Cardiac Death Risk 
Screening”. IEEE-EMBC 2016, Orlando, FL, pp. 3453-3456. 

[3] T. Yilmaz, R. Foster and Y. Hao, “Detecting vital signs with 
wearable wireless sensors”. Sensors. Volume 10, Issue 12, 
December 2010,  pp. 10837-10862 

[4] Y.-H Chen, M.O. de Beeck, L. Vanderheyden, et al. “Soft, 
Comfortable Polymer Dry Electrodes for High Quality ECG and 
EEG Recording”. in Sensors, Volume 14, 2014, pp. 23758-23780. 

[5] P. K. Jain, A. K. Tiwari, “Heart monitoring systems—A review,” 
in Computers in Biology and Medicine , Volume 54 , 2014, pp. 1-
13.  

[6] A. Searle and L. Kirkup,, “A direct comparison of wet, dry and 
insulating bioelectric recording electrodes.”  in Physiological 
Measu-rement, Volume  21 , 2000, pp. 271–283. 

[7] A. Bosnjak, A. Kenneddy, P. Linares, M. Borges, J. McLaughlin, 
O. Escalona. “Performance assessment of dry electrodes for 
wearable long term cardiac rhythm monitoring: skin-electrode 
impedance spectroscopy”. Proc. 39th Annual International 
Conference of the IEEE Engineering and Medicine Biology 
Society. Jeju Island, South Korea. July 2017. 

[8] J. Strand-Amundsen, C. Tronstad, H. Kalvøy, et al. “In vivo 
characterization of ischemic small intestine using bioimpedance 
measurements”.  Physiological Measurement, vol. 37, Issue 2,  pp. 
257-275.  January 2016. 

[9] E. McAdams, “Bioelectrodes”. Encyclopedia of Medical Devices 
and Instrumentation, Second Edition, edited by John G. Webster. 
Copyright © 2006 John Wiley & Sons, Inc. pp. 120 – 166. 

[10] C. Assambo, R. Dozio, A. Baba and M. J. Burke “Determination 
of the Parameters of the Skin Electrode Impedance Model for ECG 
Measurement”. Proc. 6th Int. Conf. on Electronics, Hardware, 
Wireless and Optical Communications, Corfu, February  2007, pp. 
540-318. 

[11] R. L. Magin, M. Ovadia. “Modeling the Cardiac Tissue Electrode 
Interface Using Fractional Calculus”. Journal of Vibration and 
Control, © 2008 SAGE Publications. Volume 14, pp. 1431 – 1442.   

 
Address for correspondence. 
Name: Omar J. Escalona 
Full postal address: Ulster University, Shore Road, 
Newtownabbey, BT37 0QB, UK. 
E-mail address: oj.escalona@ulster.ac.uk 

Page 4 

  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


