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ABSTRACT Local muscle fatigue (LMF) is a common physiological phenomenon that occurs in daily
exercise training and medical rehabilitation. Without timely treatment it can easily lead to muscle spasm,
ligament rupture, and even stress fractures. Electrical impedance myography (EIM) is a noninvasive
bioelectrical impedance technique suitable for the wearable LMF monitoring anytime and anywhere. In this
paper, a novel EIM electrode configuration was proposed by establishing a four-layer simulationmodel of the
human upper arm in FEM software. Sensitivity parameters were introduced to optimize muscle selectivity.
The effect of fat thickness on impedance change rate was explored to reduce the influence of individual fat
differences on EIM results. Dynamic and static contraction experiments of muscle fatigue were performed on
the biceps brachii muscles of 10 volunteers to verify the effectiveness and feasibility of the proposed electrode
configuration. The proposed electrode configuration reduced the measurement area by 25%, whereas the
impedance amplitude and sensitivity remained the same. The influence of individual fat differences on EIM
results was significantly reduced. When the fat thickness increased from 6 mm to 18 mm, the impedance
change decreased by 31.78% compared with the traditional electrode configuration. When the muscles were
extremely exhausted, the decrease in resistance varied around 10 � and within 10−1 order of magnitude
in different volunteers. In a word, the proposed electrode configuration effectively evaluated the degree of
LMF, providing more feasibility for the design of wearable devices.

INDEX TERMS Electrical impedance myography, local muscle fatigue, optimized electrode configurations,
finite element method, the biceps brachii muscles.

I. INTRODUCTION
Causes of local muscle fatigue (LMF) often occur in daily
life, such as repetitive lifting, carrying, long-term static pos-
ture [1], [2], periodic muscle training, and high-intensity
rehabilitation actions. LMF is a comprehensive physiolog-
ical phenomenon that is manifests when the muscle motor
system cannot maintain the expected intensity required for
a particular action due to the weakening of its functional
ability [3]. In general, the physiological LMF is reversible,
and muscle blood circulation can be encouraged to recover

The associate editor coordinating the review of this manuscript and

approving it for publication was Noor Zaman .

through relaxation, massage, physical therapy, and othermea-
sures. However, if treatment is not given in time, local muscle
spasm may occurs [4], [5]. Muscle fibers are separated and
broken, resulting in muscle injury and stress fractures when
the LMF becomes serious, which in turn would have a severe
impact on people’s health and quality of life [6]. Therefore,
research on wearable devices that can effectively monitor and
evaluate LMF anytime and anywhere is of great importance
for improving work efficiency, scientific fitness, and accurate
rehabilitation.

In a previous study [7] it was suggested that proper elec-
trode configuration can reduce the influence of subcuta-
neous fat thickness, muscle size, and conductivity on EIM
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impedance value. In another study [8] it was found that the
contribution of muscle layer to surface EIM value varies
greatly depending on electrode configurations and fat thick-
ness values. However, the existing research is limited to the
surface EIM (sEIM) [9], whose impedance value is derived
from the contribution of countless tiny areas, such as fat,
skin, and bone. Therefore, scientists have introduced finite
element modeling (FEM) or finite difference time domain
method (FTDT) to perform a ‘‘sensitivity’’ analysis on human
tissues or organs to determine the impedance values of all
conductive tissues inside to select the optimal configuration
mode of surface electrodes to improve the selectivity and
sensitivity to the target area [8]. Benjamin Sanchez et al.
introduce model component analysis (MCA) to separate the
impedivity of subcutaneous fat and muscle tissues from sEIM
data [9]. In one study [10] a finite element model for healthy
bodies based on Visible Human Project (VHP) was created
and analyzed the positive and negative sensitivity regions in
the model were analyzed to empirically verify the designed
electrode method designed empirically. In another study [8],
the finite element model was compared with human tissue
for sensitivity analysis. Different electrode configurations
change the sensitivity distribution of layered tissues. Our
group measured the impedance change of muscle using the
traditional EIM electrode configuration method and evalu-
ated the fatigue state of local muscle based on the change of
electrical impedance [9]. The existing EIM electrode config-
uration method is used in the detection of clinical diseases
and its effect is clinically recognized, but it is limited to
clinical practice. Therefore, a suitable electrode configuration
method for daily motion detection must be found.

Previous EIM analyses had the following limitations.
1) Most of the EIM electrode configuration methods used
in the clinic are serial electrode distribution methods [11],
which occupy a large area and cannot be easily integrated into
wearable devices. 2) The reliability and sensitivity of EIM
are affected by the configuration of the surface electrodes.
However, current optimization of EIM electrodes focuses on
reducing the influence of different fat thicknesses on EIM
measurements [12] while neglecting the optimization of the
muscle layer percentage contribution to EIM measurements.

The aim of this paper was to present a new method of
electrode configuration that reduces the total area occu-
pied and reduces individual fat differences provided that the
EIM parameters meet the requirements of wearable devices.
We developed a four-layer upper arm geometric model that
includes bone, fat, muscle, and skin tissues. Then, the sensi-
tivity analysis method was used to optimize the muscle layer
selectivity and the rate of change of EIM impedance with fat
thickness was studied to reduce the influence of individual
fat differences on EIM results, thus obtaining the optimal
electrode configuration method. Finally, the EIM electrode
optimization configuration method obtained by simulation
was used in dynamic and static in vivo experiments on the
brachial ends of the volunteers to verify the feasibility of the
new electrode configuration method. The results can provide

specialized support and theoretical guidance for the develop-
ment of wearable devices for the evaluation of muscle fatigue.

The rest of this paper is organized as follows. A four-
layer arm simulationmodel for optimization of EIM electrode
configuration was described in Section II. Then, we optimize
the new electrode configuration by analyzing the sensitivity
and rate of EIM impedance change with fat thickness. We
used a measurement setup for static and dynamic in vivo
EIM contraction measurements. The results of the simulation
and in vivo experiments were presented in Section III. Based
on the simulation results and the wearable scenario the opti-
mal electrode configuration was determined. Subsequently,
we discussed some related issues and some limitations in
Section IV and presented the conclusion of this study.

II. METHODS
The simulation platform was set up using finite element
analysis. Based on the simulation platform, the influence of
two different electrode configurations on the EIM parameter
amplitude was investigated. To increase the percentage of
muscle tissue contribution to apparent impedance, the sensi-
tivity of each layer was studied. Afterwards, in order to reduce
the influence of individual differences caused by different fat
thicknesses on the EIM detection results, the variation of the
EIM parameter stability with the change of electrode spacing
under different fat thickness was investigated. Finally, the fea-
sibility of the proposed electrode configuration was verified
by dynamic and static contraction experiments.

A. SIMULATION METHODS
To obtain geometric model parameters, the physiological
parameters of 10 volunteers weremeasured. BodyMass index
(BMI), fat rate, muscle rate, bone mass were measured using
the PICOOCLatin Smart Body Scale (PICOOC Inc., Beijing,
China). The geometric parameters of the arm were measured
manually. The following table shows the average and stan-
dard deviation of the individual parameters. The Parameters
EC, CA, and CB in Table 1 represent the arm circumference
of the elbow joint, arm circumference of the biceps brachii,
and arm circumference at armpit, respectively.

According to themodel parameters, a four-layer concentric
cylinder finite element model was constructed in COMSOL
software. The AC / DC module we used is mainly used for
static and low frequency electromagnetic simulation, which
can effectively solve the distribution problem of excitation
current in human tissues, and the parameters of the layered
tissuemodel were calculated by using the fat rate, muscle rate,
and arm circumference information. According to the model
parameters, a four-layer concentric cylinder finite element
model was constructed in COMSOL software, as shown in
Fig. 1. The skin was thin, and skin thickness was defined as
1.50 mm [13]; there was little difference in skin thickness
between individuals [14]. Parameters r1, r2, and r3 were
the thickness of bone, muscle, and fat layers, which were
12.93 mm, 27.23 mm, and 6.09 mm, respectively.
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TABLE 1. Physiological parameters of volunteers.

FIGURE 1. A four-layer FEM model of human upper arm: (a) serial
electrode configuration method; (b) parallel electrode configuration
method.

The current field under AC / DC module is selected in
COMSOL to established the electric field model. The elec-
trical characteristic parameters of each layer were imported,
including conductivity (σ ) and relative dielectric constant (ε).
Muscle was set as an anisotropic tissue due to the dif-
ference in transverse and longitudinal impedance rates of
muscle fibers. The values of transverse and longitudinal
electrical parameters were based on the data from Harvard
Medical School [15]. Skin, fat, and bone layers were set
as isotropic tissues, and their electrical parameters can be
found in [16]. In the above-mentioned human upper arm FEM
model, the frequency range selected for the EIM research was
10 kHz-1 MHz, which met the requirements of quasi-static
approximation [17]. The EIM finite element control equation
that conformed to the quasi-static field was expressed by
equation (1), as follows [18]:

∇ · J = Qj
J = (σ + jωε0ε)E + Je
E = −∇V

(1)

where J (A/m2) is the current density, and Qj(A/m2) is the
total current source, σ (S/m) and ω (rad/s) are the conduc-
tivity and angular frequency, respectively, Je (A/m2) is the

current source density. E (V/m) and V (V) are the electric
field strength and potential, respectively. σ (ω) ∈ V and
εr ∈ V are the conductivity and relative dielectric constant of
heterogeneous domain, ε0 is the vacuum dielectric constant,
and ω ∈ V is the angular frequency.

To ensure the continuity between layers, the potential and
current density continuities were set between each tissue
layer of the human upper arm FEM model and between
electrodes and skin, as follows [19]–[21]:{

Vl = Vl−1
Jl = Jl−1

(2)

where Vl−1 and Vl represent the potential values of the adja-
cent two layers. Jl−1 and Jl represent the current density
values of the adjacent two layers, and the subscript l with
values 2, 3, and 4 represents specific tissue layers.

After completion of the construction of the finite element
simulation platform according to the measurement principle
of EIM, the same excitation current was injected into themus-
cle mass to be measured. The larger the parameter amplitude
and the larger the detection terminal voltage signal, the easier
it was to integrate into the wearable device. Therefore, in this
section the influence of two different electrode configuration
methods on the amplitude of the EIM parameters was ana-
lyzed based on the finite element analysis platform.

In Fig. 1 (a) the traditional EIM electrode configuration
method is shown. Its four electrodes were arranged in series,
with adjacent electrode spacing of 15 mm-30 mm-15 mm and
electrode size of 10 mm × 40 mm. In Fig. 1 (b) the newly
proposed parallel electrode configuration method is shown.
The electrode area was also set to 4 cm2. To make the muscle
mass area approximately equal for both configuration meth-
ods, we set L to be 30mm and S to be 3mm. Then, we studied
the values of the EIM parameter resistance and reactance at
four frequency points, namely, 10, 25, 50, and 100 kHz and
optimized the positions of the electrodes in this new electrode
configuration method using the sensitivity analysis method.

Apparent impedance is the electrical impedance measured
on the skin surface. Its value depends on the contribution
of each layer below the electrodes, which depends on the
electrode characteristics (size, material, shape, and position
on the skin). Sensitivity analysis was used to calculate the
impedance of each layer and optimize positions of the four
electrodes on the skin surface in order to maximize the
percentage of muscle tissue contribution to the apparent
impedance. The apparent impedance value Z was expressed
by Equation (3), as follows:

Z = R+ jX = Zp+Zf +Zm+Zb=k (ω)
∫
v

−→

J I ·
−→

JV dv (3)

where J I and Jv are the local current density vectors gener-
ated by applying unit currents to the two current electrodes
and the two voltage electrodes on the surface, respectively,
which can be obtained by the control equation (3) of the FEM.
Parameter V refers to the heterogeneous domain V (V =
Vp∪V f∪Vm∪Vp), which is composed of four sub-domains
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of human tissue. K (ω) is the impedance rate of the heteroge-
neous domain [22], and its value is as follows:

k (ω) =
1

σ (ω)+ jωε0εr (ω)
(4)

the impedance sensitivity of the four sub-domains of skin,
subcutaneous fat, bone, and muscle layers can be calculated
using the following formula:
Seni =

∫
Vi

−→

J I ·
−→

JV dv (i ∈ p, f , b)

Senm = SenmT + SenmL

=

(∫
Vm
J Ix ·J

V
x dv+

∫
Vm
J Iy ·J

V
y dv

)
+

∫
Vm
J Iz ·J

V
z dv

(5)

in equation (5), SenmT and SenmL are the transverse sensitiv-
ity and longitudinal sensitivity in the muscle layer, respec-
tively. The x and y are the transverse directions of muscle
fibers, and z is the longitudinal direction.

We obtained the impedance values of each layer through
sensitivity analysis in combination with the control equation
of finite element simulation. The parameter seli is introduced
to represent the selectivity of apparent impedance to target
region i and is defined as follows:

Seli =
Zi
Z
≈
Ri
R
=

Re
{
ki
∫
Vi

−→
J I ·
−→
JV dvi

}
Re
{
k
∫
V

−→
J I ·
−→
JV dv

} (i ∈ p, f, m, b)

(6)

where Zi is the impedance of the target area, Z is the apparent
impedance, Ri is the resistance of the target area, R is the
apparent resistance, and ki and vi are the impedance rate and
volume of the target area, respectively. k and v are the total
impedance rate and the total product, respectively.

The target areas included the skin, fat, muscle, and bone
layers. The electrical impedancemeasured on the skin surface
was called apparent impedance, and the proportion of each
part in the apparent impedance value changed with the elec-
trode characteristics (size, material, shape, and distribution).
The four electrodes on the skin surface were appropriately
adjusted to change the sensitivity distribution of subcuta-
neous layered tissue and to improve the contribution percent-
age of muscle tissue to apparent impedance.

Based on the finite element simulation platform,
we adopted the parallel electrode configuration method and
combined the requirements of wearable scenarios to select the
appropriate electrode spacing. Two sets of electrode spacings
were chosen for sensitivity analysis: S = 5 mm, L = 5 mm
and S = 20 mm, L = 20 mm, as seen in Fig. 1.

The fat thickness range of healthy human body was
selected as follows: 6-18 mm, with 6 mm as the baseline.
This baseline was recorded as 1.0 × and thickened with a
step size of 3 mm. The range of muscle size was 30-60 mm;
30 mm is 3.0 ×, and the thickness was increased by 10 mm.

Then, on the basis of the previous step, the change rule of Selm
with S and L was implemented when the frequency was f =
50 kHz, and the fat thickness values were 1.0 ×, 1.5 ×, and
3.0 × respectively.
Afterwards, to reduce the influence of individual differ-

ences caused by different fat thickness values on the EIM
results, the influence of parallel electrode placement on the
EIM impedance change rate was evaluate. The degree to
which the EIM impedance value was affected by fat thickness
was defined as the change rate, represented by βfat, calculated
using Equation (7), where Zi and Z0 are the impedance values
before and after the change of fat thickness and muscle size.

βfat =
Zi − Z0
Z0

× 100% (7)

Similarly, the parallel electrode configuration method was
adopted. The variation rule of EIM parameter stability with
S and L was explored at a frequency of f = 50 kHz and fat
thickness values of 1.0 ×, 1.5 ×, 2.0 ×, 2.5 ×, and 3.0 ×,
respectively. When analyzing the influence of spacings S and
L on EIM parameters, they were single variables, whereas the
other factors were fixed at 5 cm.

B. EXPERIMENTAL METHODS
According to the mechanism of LMF, dynamic and static
experimental studies were carried out on the biceps brachii
muscle of the volunteers using the optimized configuration
of EIM electrodes.

Before the LMF weight-bearing experiment, the maximal
voluntary contractions (MVC) of each volunteer was mea-
sured as the highest load a human arm can hold. MVC was
measured in five muscular healthy women (numbered 1-5)
and five males (numbered 6-10) with the Biodex System 4.
The MVC measurement diagram is shown in Fig. 2, and the
basic information and MVC of the volunteers are shown in
Table 2.

TABLE 2. MVC data of ten volunteers.

1) STATIC IN VIVO EXPERIMENTAL
Experiments on static muscle contraction were performed to
explore the changes of muscle electrical impedance. Before
the experiment, the position of the biceps brachii muscle of
the human armwas determined. The skin surface was cleaned
using cotton with alcohol in order to remove sweat and oil
from the skin surface and to improve the adhesion of the
electrode to the skin. Then, the electrodes (1mm thick, 20mm
× 20 mm in size) were placed directly in the middle of the
biceps brachii muscle with a distance of S = 10 mm and L
= 20 mm. At the same time, the angle sensor was naturally
and evenly fixed on both sides of the elbow joint of the right
arm. The acquisition equipment was connected to a computer.
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FIGURE 2. MVC measurement diagram.

FIGURE 3. EIM experimental platform.

The electrodes were connected to the instrument through an
alligator clip of IMPTMSFB7 anthropometric analyzer. The
basic information on sex, weight, and height of the volunteers
were entered into the instrument, and the EIM impedance
value (3 kHz-1 MHz) was measured by choosing the bioelec-
trical impedance spectrum mode. The measured data were
exported to MS Excel form by the supporting software. The
in vivo experimental platform is shown in Fig. 3.

A schematic diagram of the static experiment is shown in
Fig. 4. During the experiment the angle between upper and
lower arms was 135◦, as in Fig. 4. Volunteers held dumbbells
of different weights (0.1, 0.3, and 0.5 of their MVC) and
the EIM impedance values for different load intensities were
measured with IMPTMSFB7 anthropometric analyzer. Also,
the angle between upper and lower arm was constantly mon-
itored using an angle sensor and the EMGworks software in
the computer monitored, in order to avoid changes in muscle
length caused by inadvertent angle change or by the sour
sensation of the arm during the experiment.

To avoid individual differences in the above mentioned
research rules, repeated static experiments were carried out
on 10 volunteers.

2) DYNAMIC IN VIVO EXPERIMENTAL
A diagram of the dynamic in vivo experiment is shown in
Fig. 5. Using the in vivo experimental platform in Fig. 3,

FIGURE 4. Block diagram of static experiment.

FIGURE 5. Block diagram of dynamic experiment.

volunteers held dumbbells of different weights (0.1, 0.3, and
0.5 MVC) in the right arm and repeatedly performed cen-
tripetal and centrifugal movements, as follows: 0◦-135◦ was
centripetal contraction and 135◦-0◦ was centrifugal contrac-
tion. These angles referred to the angles between the forearm
and the vertical plane, as in Fig. 5. The experiment was
stopped when the volunteers were completely tired, i.e. the
biceps brachii muscle showed fatigue, and were unable to
continue the intendedmovement until completion. During the
experiment, the impedance characteristics of biceps brachii
muscle were tracked with IMPTMSFB7, and the angle sensor
was used to monitor the angle.

All the volunteers underwent weight-bearing contraction
experiments in batches and were allowed to relax for at least
one week between the two consequent contraction experi-
ments, so the endurance of the biceps brachii muscle restore
to normal level.

Repetitive dynamic experiments were performed on the
remaining nine volunteers after the weight-bearing contrac-
tion experiments.

III. RESULTS
A. SIMULATION RESULTS
1) RESULTS OF EIM AMPLITUDES PARAMETERS
The measured EIM amplitudes at four frequency points of
10, 25, 50, and 100 kHz were studied for two electrode
configurations, serial and parallel, as shown in Table 3.

The initial parallel configuration with electrode spacings
of S = 3 mm and L = 30 mm, with the equal electrode
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TABLE 3. EIM parameter amplitude affected by electrode configuration.

FIGURE 6. (a) The impedance selectivity of EIM varies with S; (b) The
impedance selectivity of EIM varies with L.

area as serial configuration and including approximately the
same muscle area, resulted in a larger EIM impedance ampli-
tude at all frequencies. The difference was most significant
at 10 kHz, with a resistance difference of 103 � and a reac-
tance difference of 21�. The larger impedance implies higher
detection amplitude, which is easier to integrate into wearable
devices. Therefore, the parallel configuration method was
preferred in our case.

2) RESULTS OF EIM SELECTIVITY PARAMETERS
Based on the finite element simulation platform, the parallel
electrode configurationmethodwas used to analyze the sensi-
tivity of two sets of electrode spacings, namely S = 5 mmand

L = 5 mm and S = 20 mm and L = 20 mm. The selectivity
of apparent impedance to target area i (skin, fat, muscle and
bone tissues) was expressed as a percentage. The simulation
results are shown in Table 4.

Table 4 shows that the apparent impedance value was
formed by superimposing the impedance of different subcu-
taneous tissues. At 50 kHz, when S = 5 mm and L = 5 mm,
the contribution of the fat layer was 81.05%, and the muscle
layer was 19.18%. However, for larger electrode spacing
S = 20 mm and L = 20 mm, the contribution of the
fat layer decreased to 28.67%, and the contribution of the
muscle layer increased to 71.68%. For the bone and skin
layers, the difference was small and changed only within 1%.
By adjusting the electrode spacing on the skin surface, the
contribution of the muscle tissue is changed in the apparent
impedance.

Afterward, the variation rule of the apparent impedance
selectivity (Selm) to muscle tissue with S and L was studied.
The results are shown in Fig. 6.

The selectivity of impedance to muscle tissue Selm
increased with increasing S and L,and was not influenced by
fat thickness. Furthermore, Selm increased much faster with
increasing S compared to L. Taking the fat thickness of 1.5×
as an example, for spacings L = 5 mm and S = 35 mm, Selm
was 90.95%, while at S = 5 mm and L = 35 mm, Selm was
32.34%.

3) EXPERIMENTAL RESULTS OF SEMG APPLIED TO MUSCLE
FATIGUE
In this section, we investigated the varition of EIM resistance,
where S and L increase at a step size of 5 mm at different fat
thicknesses. The simulation results are shown in Fig. 7.

Fig. 7 shows that at S= 5 mm and L= 5 mm, the increase
of resistance was 236.6% when the fat thickness increased
from 1.0 x to 3.0 x. The increase of resistance was 423.3%
with increasing fat thickness from 1.0 x to 3.0 x when L =
45 mm. The resistance increased with increasing L and fat
thickness, indicating that the resistance stability decreased
with increasing L.
At S = 5 mm and L = 5 mm, the resistance increased

236.66% as the fat thickness increased from 1.0 x to 3.0 x.
The increase of resistance was 418.91% with increasing fat
thickness from 1.0 x to 3.0 x when S = 15 mm and L =
5 mm. Although the resistance change showed a decreasing
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TABLE 4. Impedance selectivity affected by electrode configuration.

FIGURE 7. (a) The resistance stability of EIM varies with L; (b) The
resistance stability of EIM varies with S.

trendwith increasing S, the resistance value decreased rapidly
and then slowly with increasing S, resulting in an initial
increase and later in a decrease of the resistance change.

According to the requirements of the EIM electrode design
in this paper, the electrode spacings S and L were selected

under comprehensive consideration of the overall occupied
area of the electrode, impedance amplitude, stability βfat, and
selectivity Selm. First, we considered Selm. Fig. 6 shows that
at S = 5 mm, the maximum value of Selm was about 50%
and the contribution of muscle tissue to apparent impedance
was generally small. Therefore, according to Selm, S should
be larger than 5 mm. However, the resistance change rate
βfat first increased and then decreased as S increased. At
S = 20 mm, the rate of change was largest, indicating that
stability first decreased and then increased as S increased.
Considering the total area occupied by the electrode, S =
10 mm was selected. For L, because Selm increased with L
and the rate of change increased with L, L = 20 mm was
considered a compromise. Therefore, the parallel electrode
configuration method with S = 10 mm and L = 20 mm
was finally chosen for the experimental study of LMF. The
comparative results obtained with the traditional serial con-
figuration method of 15 mm-30 mm-15 mm are shown in
Table 5.

TABLE 5. Comparison of two electrode configurations.

As shown in Table 5, at f = 50 kHz, the resistance
amplitude and Selm of the two configuration methods did
not differ very much, while the parallel configuration method
with S = 10 mm and L = 20 mm showed a 25% smaller total
occupied area and a 31.78% lower change rate, corresponding
to a 1 mm change in fat thickness, a 3% reduction in change
rate, and a 1% lower resistance change.

B. IN VIVO EXPERIMENTAL RESULTS
Based on the mechanism of LMF, dynamic and static in vivo
experiments were performed on biceps brachii muscle of vol-
unteers using the optimized configuration of EIM electrodes
obtained by simulation in Sction 2.
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FIGURE 8. Static contraction experiments of muscles under different load
conditions (0.1, 0.3, and 0.5 MVC). The down trend of R (50 kHz) in the
muscles of Volunteer 1 from complete relaxation to extreme fatigue.

1) STATIC EXPERIMENTAL RESULTS
First, the characteristics of the EIM impedance values during
biceps fatigue were examined under three load intensities
(0.1, 0.3, and 0.5 MVC). The trend of change in resistance
is shown in Fig. 8. Ts was the time taken for the muscle to
change from a resting state to a fully fatigued state. When the
muscle was in a state of complete fatigue, the EIM impedance
value hardly changed.

Fig. 8 shows the following rule. At f = 50 kHz the EIM
impedance value had a linear correlation with the degree of
muscle fatigue, while the resistance had a negative correlation
with the degree of fatigue. In addition, for higher MVCs
fatigue accumulation was faster, resulting in a higher slope
of the linear curve and shorter duration of the experiment
TS. For example, TS = 840 s under 0.1 MVC load, and
TS = 270 s under 0.5 MVC load. Moreover, the change
amplitude 1R of the EIM impedance value of the three load
levels (0.1, 0.3, and 0.5 MVC) showed only slight differences
over time TS; the resistance reduction 1R was 10.2, 9.6,
and 10.3 �, respectively. Preliminary results showed that the
degree of muscle fatigue can be determined as a function of
the variation amplitude of the EIM impedance value.

To avoid individual differences in the above mentioned
research rules, repeated static experiments were performed
on 10 volunteers. Fig.9 shows the EIM impedance values and
the variation amplitude of the 10 volunteers before and after
biceps brachii fatigue under the load capacity of 0.3 MVC.

Fig. 9 shows large differences in the initial EIM impedance
values, which depended on the fat level of the volunteers. For
thicker fat tissue, the resistance value was higher.

However, hen the muscle was almost exhausted, amplitude
of the EIM impedance decreased for almost the same amount
for all volunteers. This resistance reduction 1R was in the
range of 9.67-10.62 �. These results showed that when the
muscle static contraction was close to a complete fatigue,
the resistance decreased by about 10 �.

FIGURE 9. Resistance changes of 10 volunteers before and after the static
experiment for 0.3 MVC load.

FIGURE 10. Dynamic contraction experiments of muscles under different
load conditions (0.1, 0.3, and 0.5 MVC). The decrease of R (50 kHz) in the
muscles of volunteer #1 from complete relaxation to extreme fatigue.

2) DYNAMIC EXPERIMENTAL RESULTS
In the dynamic experiment the number of contraction cycles
was used to reflect the degree of muscle fatigue, since each
contraction cycle contributed to the fatigue of the biceps
brachii muscle.

The change of the resistance with the number of contrac-
tions measured on the volunteer #1 for three load conditions
(0.1, 0.3, and 0.5 MVC) is depicted in Fig. 10.

For all three loads the measured electrical impedance had
a linear relationship with the number of contraction cycles,
i.e. duration of the experiment, which is consistent with
the static experiment results. The resistance was positively
correlated with the degree of fatigue, and the reactance was
negatively correlated with the degree of fatigue. The biceps
brachii was in a completely fatigued exhaustion when the
change in the amplitude of the EIM impedance value between
two contraction cycles was extremely small and almost con-
stant. The number of dynamic contraction cycles performed
by the biceps brachii muscle from the start of the exercise
to exhaustion was expressed as Td. Under different loads,
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FIGURE 11. Resistance changes of 10 volunteers before and after the
dynamic experiment for 0.3 MVC load.

Td values differed: for heavier loads the Td value was shorter,
indicating that the volunteer’s fatigue progress was faster.
For example, under 0.1 MVC load, Td = 170, which was
equivalent to 312 s, whereas under 0.5 MVC load, Td = 80,
which is equivalent to 147 s. Comparing static and dynamic
contraction experiments under the same load conditions,
muscle fatigue and exhaustion occurred sooner in a dynamic
contraction experiment. In addition, during one exercise with
duration Td, the resistance variations 1R for different loads
were 10.41, 9.54, and 10.1�. To avoid individual differences
in the above mentioned research rules, repeated dynamic
experiments were performed by the remaining 9 volunteers.
The results presented in Fig. 11 were obtained for 0.3 MVC
load, and the electrical resistance change 1R between the
beginning and the end of the exhaustion decreased around 10
� for different volunteers.

IV. DISCUSSION
EIMmethod is a non-invasive bioelectrical impedance myog-
raphy technology based on four electrodes. In EIM, electrical
impedance is used to evaluate the tissue characteristics of
local muscles or muscle groups. It is an effective tool to
detect muscle fatigue. However, serial electrodes configura-
tion method commonly used in clinic for EIM measurements
is not suitable for wearable application scenarios and muscle
fatigue monitoring in real time. Therefore, an electrode con-
figuration is needed that occupies a small area and with EIM
parameters that meet the requirements of wearable devices.

In this paper, a more compact electrodes configuration
was presented based on the finite element simulation plat-
form. By optimizing the electrodes positions and spacings,
the influence of anatomical factors on the EIM parameter
measurement values was minimized and the contribution of
the muscle layer to surface EIM impedance was increased,
thereby enabling EIM to evaluate muscle state more effec-
tively. The effectiveness of LMF detection was verified by in
vivo experiments.
In the process of optimizing the electrode configuration,

potential distribution and current density achieved in a bone
tissue layer were much lower than those in a muscle and fat

layers, because the bone was located in the innermost layer
of the upper arm model. Therefore, when considering the
influence of EIM impedance value on each tissue layer, only
muscle and fat layers were considered, since they occupy a
large proportion of the upper arm. In addition, due to the
small value of reactance in the human body, its influence
was also small. Thus, in this paper, in order to improve
research efficiency, we considered only the influence of the
EIM resistance parameters. However, research on the EIM
reactance is also very meaningful, and the values of reactance
amplitude and phase are also very important for evaluating
EIM method.

During the static contractions experiment performed on the
biceps brachiimuscle, the resistance reduction1R at the end
of the static experiment varied in the range of 9.67-10.62 �.
During the dynamic contractions experiment on the biceps
brachii, the resistance variation 1R between the beginning
and the end of the exercise (exhaustion) varied around 10 �
within the order of 10−2�, which was slightly different from
that obtained at the end of the static experiment. Therefore,
the change in the EIM impedance value did not depend on
the type of the movement but was related to the change of the
individual’s own electrical characteristics.

This paper focused on the electrode spacing in the parallel
configurationmethod but did not deeply explore the influence
of electrode material, electrode shape, and electrode size
on EIM parameters, which will be done in the future. The
configuration proposed in this paper was applied to a biceps
brachii muscle. However, due to the non-invasiveness and
painless characteristics of the EIM method, it is convenient
for the evaluation of the fatigue of other muscles, too. For
example, application to back muscles can prevent and reduce
the possibility of lumbar muscle strain.

V. CONCLUSION
In this paper, a new electrode configuration method suitable
for wearable applicationswas proposed. First, a finite element
simulation platformwas established, and the effect of individ-
ual fat differences on EIM results were explored and reduced.
To test its effectiveness in LMF evaluation, muscle fatigue
dynamic and static contraction experiments were carried out
on biceps brachiimuscles of 10 volunteers. The results are as
follows:

The proposed parallel configuration method can meet the
requirements of LMF measurement in wearable scenarios
with small size requirements. Compared with the common
clinical serial configuration method of 15mm-30mm-15mm,
the proposed parallel configuration method reduced the total
measurement area by 25%. The amplitude of Selm and
parameters did not differ much from the serial configuration
method, and the change rate decreased by 31.78% at f =
50 kHz.

The research results can provide technical support and
theoretical guidance for evaluating the development of LMF
wearable devices. In EIM static experiments, the resistance
parameters of different volunteers showed a linear downward
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trend, and the resistance values decreased to 10.2, 9.6, and
10.3 � under three different loads (0.1, 0.3, and 0.5 MVC),
whereas in dynamic experiments, the resistance changes 1R
were 10.41, 9.54, and 10.1 �, respectively. In both experi-
ment groups, the resistance change 1R varied around 10 �.
For heavier loads the volunteer’s fatigue progress was faster
and the the EIM resistance parameter decreased faster. Con-
sequently, LMF can be evaluated by the measured decrease in
the EIM resistance parameters. In the future work, we intend
to separate the impedance characteristics of muscle tissue and
other tissue layers from the results of sEIM measurement
to improve the sensitivity of detecting changes in muscle
impedance.
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