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Abstract—Electrical impedance myography (EIM) is a non-
invasive approach to muscle assessment based on the measure-
ment of the electrical impedance in frequency range of interest. In
this paper, fatigue-induced electrical impedance models of biceps
tissues are investigated. After the dataset used is briefly described,
complete set of parameters of the modified Fricke model, utilizing
Foster I RC network-based fractional-order capacitor (FOC),
are computed. The goodness of fitting of proposed FOCs and
bioimpedance models were evaluated visually and statistically.
The fit accuracy of designed electrical impedance models is
R2

R,X ≥ 0.9978. Proposed models provide more intuitive repre-
sentation of the electrical behavior of biceps tissues. EIA standard
compliant E96 series lumped parameter-based practical models
give an appropriate explanation of fatigue effect on biceps tissues
from resistance and capacitance point of view.

Index Terms—biceps tissue, bioimpedance, Cole model, con-
stant phase element, CPE, electrical impedance myography, EIM,
Foster I network, fractional calculus, modified Fricke model

I. INTRODUCTION

Electrical impedance myography (EIM) is a form of

neuromuscular evaluation in which alternating current at

frequency of interest is injected into the body via two

current electrodes and the resulted voltage pattern over a

selected muscle is measured using voltage electrodes [1]–[5].

Figure 1(a) illustrates the current flow at low and high

frequencies in biological tissues. One of the first electrical

impedance models for the biological tissues so-called

bioimpedance was introduced by Fricke [6]. In the modified

Fricke model depicted in Fig. 1(b) the capacitive element of

the Fricke model is replaced by a fractional-order capacitor

(FOC) or so-called capacitive constant phase element (CPE),

whose impedance is ZCPE = 1/sαC in the s-domain, where

C denotes pseudo-capacitance (with unit Farad·secα−1 or

F·secα−1) and α is its order in range 0 < α < 1 [7]. The

impedance of FOC has frequency dependent real part and

its magnitude varies by –20α dB per decade of frequency,

while the phase is constant in full frequency range and equal

to –απ/2. The modified Fricke model is the parallel version

of well-known Cole model [8], [9], however it provides

a better intuitive representation of the electrical behavior

of biological tissues. It is composed of an extra-cellular

fluid resistance (RECF) placed in parallel with a resistive

element (RICF) in serial with a FOC (CMα). The element
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Fig. 1. (a) Demonstration of current flow in a biological tissue and (b)
modified Fricke circuit model using CPE.

RICF directly represents intra-cellular fluid resistance, while

the CMα corresponds to the capacitance of cells created

by their insulating cell membranes [10]. Its impedance in

the s-domain can be expressed as Z (s)Modified−Fricke =
RECF (RICFCMαs

α + 1) / [1 + (RECF +RICF) s
αCMα],

where s = jω. The resistances at zero and infinite frequencies

are RECF and RECF||RICF, respectively.

Muscle fatigue, as a common physiological phenomenon,

has attracted much attention in the recent past [3]–[5]. There-

fore, this study aims to develop practical fatigue-induced

electrical impedance models of the biceps tissues (musculus
biceps brachii L.).

II. MATERIALS AND METHODS

This Section briefly describes the initial dataset [3] used in

this paper.

A. Description of Participants and Applied Exercises

In [3], the electrical impedance measurements were col-

lected from the left and right biceps of 18 participants with

an average age of 22.2 ± 3.2 years immediately prior to

and immediately after completing an exercise protocol to

fatigue the biceps brachii muscles. Each participant executed

a fatiguing exercise protocol using dumbbell biceps curls at

either 60% (10 participants) or 75% (8 participants) of their

previously assessed one-repetition maximum (1-RM) until task

failure. The 1-RM value for each participant is the maximum

weight that they were able to successfully lift for the dumbbell

biceps curl exercise. Further details regarding the grouping of

participants and the description of protocol are given in [3].



TABLE I
EQUIVALENT CIRCUIT PARAMETERS OF PRE- AND POST-FATIGUE IMPEDANCE MODELS FROM THE LEFT AND RIGHT BICEPS TISSUES.

Left Biceps Right Biceps
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Elements
R∞ R1 Cα α R∞ R1 Cα α

(Ω) (Ω)
(
μF·secα−1

)
(−) (Ω) (Ω)

(
μF·secα−1

)
(−)

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
60% 1-RM Group

Mean 18.78 17.63 32.47 27.95 3.28 3.08 0.732 0.737 17.49 16.70 31.21 27.15 4.28 3.94 0.724 0.729

± SD 5.60 6.16 5.02 4.98 1.57 2.12 0.039 0.041 7.02 7.14 5.75 4.76 3.15 2.62 0.059 0.054

75% 1-RM Group
Mean 19.40 18.46 32.04 27.83 7.71 7.08 0.678 0.691 21.28 19.88 31.55 28.08 4.77 5.02 0.706 0.710

± SD 6.72 7.04 8.63 7.42 4.81 4.84 0.075 0.084 7.96 8.31 6.36 6.08 2.08 2.68 0.057 0.065
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Elements
RECF RICF CMα α RECF RICF CMα α

(Ω) (Ω)
(
μF·secα−1

)
(−) (Ω) (Ω)

(
μF·secα−1

)
(−)

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
60% 1-RM Group

Mean 51.25 45.58 29.64 28.75
1.32 1.16 0.732 0.737

48.70 43.85 27.29 26.97
1.76 1.51 0.724 0.729

(R − E96) (48.7 + 2.55) (422 || 51.1) (26.7 + 2.94) (20.5 + 8.25) (48.70) (40.2 + 3.65) (18.2 + 9.09) (19.1 + 7.87)

± SD 10.62 11.14 11.85 13.80 0.350 0.424 0.039 0.041 12.78 11.90 15.59 17.87 0.639 0.419 0.059 0.054

75% 1-RM Group
Mean 51.44 46.29 31.15 30.70

2.99 2.56 0.678 0.691
52.83 47.96 35.63 33.95

1.70 1.72 0.706 0.710
(R − E96) (48.7 + 2.74) (43.2 + 3.09) (30.1 + 1.05) (17.4 + 13.3) (1.4k || 54.9) (42.2 + 5.76) (26.1 + 9.53) (25.5 + 8.45)

± SD 15.35 14.45 11.95 13.71 1.52 1.28 0.075 0.084 14.32 14.39 17.91 19.68 0.410 0.478 0.057 0.065

B. Data Collection and Modeling
Two current injection electrodes were placed on the lateralis

side of the biceps 14 cm apart with two voltage sensing

electrodes each placed 4.67 cm apart [3]. The impedance

measures were collected in frequency range from 10 kHz to

100 kHz using a Keysight E4990A impedance analyzer with a

custom-interface to adapt the BNC connectors of the E4990A

to a cable-set with the snap connectors for commercial off-the-

shelf Ag/AgCl electrodes. Subsequently, the series version of

the Cole impedance model parameters (R∞, R1, Cα, α) for

the left and right biceps of all 18 participants were determined

using a nonlinear least squares fitting (NLSF) procedure.

III. RESULTS AND DISCUSSION

A. Data Reconstruction, Modified Fricke Models Design
Mean values and corresponding standard deviations (SD)

of series version of Cole model circuit parameters from pre-

and post-fatigue impedance measured from the left as well

as right biceps of participants in both groups, recalculated

from dataset of 18 participants (Subsection II-A), are listed in

Table I. Computed complete set of parameters of the modified

Fricke model (RECF = R∞+R1, RICF = R∞ (1 +R∞/R1),
CMα = Cα (1 +R∞/R1)

−2
, while α remains the same) are

also provided in the table. Comparison of total resistance

(R∞ +R1 vs. RECF +RICF) and pseudo-capacitance mean

values in both versions of Cole impedance models of biceps

tissues are depicted in Fig. 2. The parallel version of the Cole

model is composed of significantly lower value of pseudo-

capacitance and higher values of resistances (light green

region) compared to the series one (light orange region).

B. CPE Models via Foster I RC Network

Due to the absence of commercially available CPEs, their

implementation can be performed using active emulators [11]

or via lumped RC chains [12]–[14]. Note that while the former

requires advanced tools, the latter one is suitable for direct im-

plementation in SPICE circuit simulators. Each CPE required

for modeling the pre- and post-fatigue impedance measured

from the left and right biceps of participants in both 60% and

75% 1-RM groups were replaced with Foster I RC network

of three branches depicted in Fig. 1(b). Table II lists the

Electronic Industries Alliance (EIA) standard compliant E96
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Fig. 2. Comparison of resistance and pseudo-capacitance mean values in
bioimpedance models of biceps tissues listed in Table 1.



TABLE II
EIA STANDARD COMPLIANT E96 SERIES RC VALUES USED IN PROPOSED CPES VIA FOSTER I NETWORK AND ERROR ANALYSIS.

Elements

60% 1-RM Group 75% 1-RM Group
Left Biceps Right Biceps Left Biceps Right Biceps

Pre CMα = 1.32 Post CMα = 1.16 Pre CMα = 1.76 Post CMα = 1.51 Pre CMα = 2.99 Post CMα = 2.56 Pre CMα = 1.70 Post CMα = 1.72
μF·sec−0.268 μF·sec−0.263 μF·sec−0.276 μF·sec−0.271 μF·sec−0.322 μF·sec−0.309 μF·sec−0.294 μF·sec−0.290

R0 (Ω) 5.36 5.62 4.64 4.75 6.19 5.76 6.65 6.19

C1 (nF) / R1 (Ω) 78.7 / 19.6 137 / 61.9 93.1 / 16.5 86.6 / 17.8 154 / 54.9 107 / 976 66.5 / 22.6 86.6 / 1.24 k

C2 (nF) / R2 (Ω) 147 / 59 76.8 / 1.62 k 174 / 48.7 93.1 / 1.3 k 110 / 910 158 / 53.6 82.5 / 1.4 k 140 / 60.4

C3 (nF) / R3 (Ω) 82.5 / 1.43 k 76.8 / 20.5 102 / 1.15 k 158 / 53.6 75 / 20 78.7 / 19.1 127 / 66.5 73.2 / 21

CMα

(
μF · secαmean−1

)
Evaluation

Mean ± SD 1.308 ± 0.026 1.167 ± 0.018 1.756 ± 0.034 1.523 ± 0.024 2.961 ± 0.054 2.549 ± 0.050 1.682 ± 0.035 1.720 ± 0.028

CoV (%) 2.017 1.503 1.919 1.545 1.838 1.958 2.055 1.629

α (−) Evaluation
Mean ± SD 0.732 ± 0.001 0.736 ± 0.001 0.724 ± 0.001 0.729 ± 0.001 0.678 ± 0.001 0.691 ± 0.001 0.707 ± 0.002 0.710 ± 0.001

CoV (%) 0.202 0.162 0.198 0.174 0.217 0.215 0.224 0.177

CPE |Relative Magnitude Error| (%)

Max 1.518 0.627 0.778 0.803 1.336 1.201 1.127 0.960

Mean ± SD 0.504 ± 0.385 0.174 ± 0.101 0.278 ± 0.177 0.462 ± 0.192 0.474 ± 0.344 0.409 ± 0.273 0.460 ± 0.299 0.366 ± 0.183

CPE |Phase Angle Error| (Deg.)

Max 0.236 0.271 0.348 0.276 0.267 0.229 0.412 0.192

Mean ± SD 0.115 ± 0.076 0.100 ± 0.065 0.109 ± 0.076 0.099 ± 0.063 0.117 ± 0.076 0.115 ± 0.069 0.123 ± 0.087 0.099 ± 0.054

series RC values computed in frequency range from 10 kHz

to 100 kHz using [13]. First of all, the behavior of CPEs

were evaluated in terms of the coefficient of variation (CoV)

calculated as CoV = 100·SD/x̃, where x̃ is the mean value of

CPEs’ pseudo-capacitance or order. This indicator provides the

relative standard deviation expressed in percentage. From the

provided numerical analysis it is evident that the maximum

CoVs of mean value of CPEs’ pseudo-capacitance or order

are 2.055% and 0.224%, respectively. Secondly, the calculated

maximum relative magnitude and phase angle errors of CPEs

also show precise designs, i.e. ±1.518% and ±0.412◦, respec-

tively.

C. Comparison of Bioimpedance Models

Distribution of resistance and capacitance values required

for realizing modified Fricke models of biceps tissues is shown

in Fig. 3, while the comparison of total capacitance and

resistance values is given in Table III. Note that this study

supposes E96 series resistance values given as (R− E96) in

Table I and RC values realizing CPEs listed in Table II.

For biological tissues the relationship between resistance

(R = |Z|·cosθ) and reactance (X = |Z|·sinθ) of the complex

impedance can be described with a circular arc in the Nyquist

plot. 3D plots of series version of Cole and fitting modified

Fricke models with parameters listed in Table I as well as

modified Fricke model using E96 series RC values of the

left and right biceps tissues of participants in the 60% 1-

RM group are shown in Fig. 4. Corner frequencies and

the frequency at which the reactance reaches its peak value(
fp = ωp/2π = 1/

{
2π [CMα (RECF +RICF)]

−α
})

are also

highlighted. Goodness of fitting of proposed modified Fricke

TABLE III
COMPARISON OF PASSIVE COMPONENT VALUES REQUIRED FOR

REALIZING MODIFIED FRICKE MODELS OF BICEPS TISSUES.

60% 1-RM Group 75% 1-RM Group

Evaluation Left Biceps Right Biceps Left Biceps Right Biceps

Criteria Pre Post Pre Post Pre Post Pre Post

Total Capacitance (nF) 308.2 290.6 369.1 337.7 339.0 343.7 276.0 299.8

Total Resistance (kΩ) 1.60 2.21 1.30 1.45 1.07 1.13 2.99 1.41

Fig. 3. Distribution of EIA standard compliant E96 series RC values used
for realizing modified Fricke bioimpedance models of biceps tissues.



Fig. 4. 3D Nyquist plots of bioimpedance models of the left and right
biceps tissues of participants in the 60% 1-RM group. Selected frequencies
are highlighted.

models vs. series version of Cole model data was evaluated by

statistical metrics [15]. The root mean squared error (RMSE -

the square root of the average of squared errors), the coefficient

of determination (R2 - indicates the fraction of the fitting val-

ues that are closest to the line of reference data), and standard

deviation were calculated for the resistance and reactance of

the models complex electrical impedance. Note that pre- and

post-fatigue impedance fitting modified Fricke model from the

left and right biceps tissues in the both groups, either real

or imaginary parts of the complex impedance, in terms of

all studied indicators shows perfect fit to series version of

Cole model data, i.e. RMSER,X = 0 Ω, R2
R,X = 1.00 (100%)

and SD = 0 Ω. Calculated RMSE and SD indicators for

the modified Fricke model using E96 series RC values vs.

series version of Cole model data are low (respectively vary

between 0.016− 0.059Ω and 0.026− 0.065Ω), while the fit

accuracy in terms of coefficient of determination shows superb

performance (0.9978 ≤ R2
R,X ≤ 1.00). The statistical analysis

results for the latter model are given in Table IV.

IV. CONCLUSION

This study showed that, although for modeling biological

tissues the series version of Cole impedance model is widely

used, the parallel version so-called modified Fricke impedance

model should be preferred. Proposed practical models, while

lacking in commercial unavailability of FOCs, leads to the

belief that equivalents employing EIA standard compliant RC

values are very helpful for practical studies of biological tissue

structures. Statistical analysis results showed very good agree-

ment with the initial dataset in terms of studied indicators.

TABLE IV
STATISTICAL ANALYSIS OF FIT ACCURACY OF PROPOSED MODIFIED

FRICKE CIRCUIT MODELS USING RC VALUES FITTED TO DATA [3].

60% 1-RM Group 75% 1-RM Group

Evaluation Left Biceps Right Biceps Left Biceps Right Biceps

Criteria Pre Post Pre Post Pre Post Pre Post

RMSER (Ω) 0.044 0.019 0.039 0.044 0.057 0.038 0.059 0.033

RMSEX (Ω) 0.028 0.017 0.024 0.016 0.030 0.024 0.023 0.022

R2
R (−) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

R2
X (−) 0.9993 0.9998 0.9987 0.9996 0.9978 0.9987 0.9992 0.9993

SD (Ω) 0.053 0.026 0.046 0.047 0.065 0.045 0.063 0.040
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