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Abstract 
Bioimpedance is the ability of biological tissues to impede the flow of electrical current. It is often measured as a means 
of detecting volume and structural changes in various biological tissues. The purpose of this work was to design a two-
channel portable device for measuring multifrequency bioimpedance of human limbs. The device was constructed 
specifically for evaluation of the bioimpedance measurement as a possible tool for aiding in diagnosis of soft-tissue 
structural changes in the muscles of human limbs by continuously comparing bioimpedance of one limb to the other. The 
proposed device is based on impedance converter AD5933. It is designed for noninvasive measurements on the human 
body with low amplitude alternating current at frequencies between 1 kHz and 100 kHz. The device was tested for 
electromagnetic compatibility, accuracy and used in laboratory measurements for detection of muscle edema on 
a bioimpedance model. It is capable of measuring impedance up to 100 kΩ with a relative measurement error below 
1.84%. 
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Introduction 

Bioimpedance measurement is most often used to 
record small changes in impedance depending on heart 
and lung function and thus provide information on 
changes in volumes, i.e., plethysmography [1], in the 
lungs, heart, and blood vessels. The second most 
common application of the method is to estimate body 
composition, which includes the percentage of fat in 
the body, the total volume of fluids, and the ratio of 
intracellular and extracellular fluids [2]. Different 
impedance values of different tissue types are also used 
by the electrical impedance tomography imaging 
method [3]. This method uses many electrodes, most 
often ranging from 16 to 64. Cross-sectional images of 
tissues are generated that show distribution of 
conductivity. The method provides a much lower  

contrast compared to conventional imaging methods. 
However, it can be used to non-invasively and 
continuously create images using electrodes applied to 
the surface of the body. With the help of these images, 
even small changes in tissue conductivity can be 
quickly captured, which can occur due to blood flow, 
respiration, or fluid transfer. 

The main mechanism of the tissue electrical 
impedance changes following trauma or muscular 
tissue destruction is a reduction in resistance due to an 
increase in the volume of extracellular fluid, which is 
caused by tissue swelling [4]. Another significant 
change in impedance is a reduction in capacitive 
reactance, and therefore in the total phase angle, in 
pathological tissue conditions. This reduction can be 
expected with cell membrane disruption because the 
capacitive character of bioimpedance is caused mainly 
by the capacitance of cell membranes and when the  
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cells die, the membranes are destroyed and the 
intracellular fluid is released into the extracellular 
space [5, 6]. 

This makes bioimpedance measurement ideal for 
monitoring soft tissue changes. The application of the 
method of measuring bioimpedance, which is closest to 
the goal of this work, is the method of electrical 
impedance myography (EIM) [7, 8], which includes 
a group of methods examining muscle tissue. The most 
common muscle disorders that EIM could diagnose 
include myopathy, sarcopenia, neuropathy, or 
amyotrophic lateral sclerosis. The aim of EIM is not the 
imaging of muscle tissue, but the quantitative 
evaluation of changes in the microscopic structures of 
muscle tissues resulting from neuromuscular diseases. 
This method has been successfully tested for edema 
detection in human limbs, specifically in the ankle [9] 
and the knee [10]. It can also provide a more robust way 
of monitoring muscle contraction than a standard 
electromyography measurement [11, 12]. And muscle 
bioimpedance value can also change following 
eccentric exercise of the muscles [13]. 

Concerning the measurement of soft tissue changes, 
the diagnosis of lymphedema [14], a chronic disorder 
characterized by swelling of the limbs due to 
insufficient function of the lymphatic system, is 
a frequently researched application of bioimpedance 
measurement as well. So far, no measurement method 
has been adopted as the gold standard for the diagnosis 
of this disease, but a possible candidate is the 
measurement of bioimpedance. Compartment 
syndrome is another condition that could be diagnosed 
using bioimpedance measurement, because both 
swelling and subsequent hypoxia are present [15], 
a corresponding change in impedance and phase angle 
can be expected. Thus, the measurement of 
bioimpedance appears to be a theoretically suitable 
method for the diagnosis of acute compartment 
syndrome (ACS) or other muscular injuries and 
diseases. 

Two studies dealing with the use of bioimpedance 
measurement for detection of acute compartment 
syndrome were published by Tonkovic et al. and their 
results indicated the possible use of this method [16, 
17]. The study was done on 29 patients with 
a confirmed diagnosis of ACS of one lower limb. 
Bioimpedance and intramuscular pressure (IMP) were 
measured on both lower limbs and the values were 
compared between the injured and uninjured limbs. 
Patients with ACS showed a large difference between 
the limbs in both (IMP) and impedance values. On 
average, the damaged limb had 18 mmHg higher IMP 
and 346 Ω lower impedance. The control group with 
healthy limbs had this difference on average of only 
1.2 mmHg and 29.9 Ω. 

According to mentioned research papers, 
bioimpedance could be a suitable method for detecting 
edema and structural changes in muscle compartments. 
The device was constructed specifically for evaluation 

of the bioimpedance measurement as a possible tool for 
aiding in diagnosis of soft-tissue structural changes in 
the muscles of human limbs. The hypothesis of using 
such a device is that when measuring the bioimpedance 
of both limbs at the same time, with placement on the 
contralateral muscle compartments of the limbs, it 
should be possible to detect a change in bioimpedance 
due to local structural changes. These changes include 
edema or muscular damage due to exercise, trauma, or 
muscular disease. A shortcoming of this approach is 
that it cannot be expected that the patient will always 
have only one limb damaged, which may make it 
impossible to use the device in certain cases. 

The remaining chapters of this work deal with 
designing a device for testing this hypothesis and 
testing and evaluating the proposed device. 

Device design 

The core of the device is an integrated impedance 
converter AD5933 (Analog Devices, Massachusetts, 
USA). It is capable of measuring impedance and phase 
angle at frequencies from 1 kHz to 100 kHz. The 
measurement along this frequency range is performed 
through a frequency sweep with an adjustable settling 
duration at each frequency and an adjustable number of 
frequencies of each sweep. The proposed device uses 
two AD5933 chips for simultaneous measurement of 
both limbs. Each chip needs an analog frontend circuit 
for improving accuracy and ensuring compliance with 
medical device regulations. 

 
Fig. 1: Block diagram of the proposed device. The 
AD5933 ICs are connected to the patient through an 
analog frontend monitoring circuit and the results are 
sent to Arduino Nano. 

The block diagram of the proposed device can be 
found in Fig. 1. The measurement circuit incorporating 
the AD5933 chip will be connected to a selected 
compartment either on the lower or upper limb and the 
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other circuit will be connected to the contralateral 
compartment (for example left and right leg, both on 
the same compartment of the calf). Standard adhesive 
ECG electrodes will be used for the measurements. 

The measured values are processed by an Arduino 
Nano, which is responsible for controlling the device, 
initiating bioimpedance measurement, saving and 
displaying data. The data is stored on a microSD card 
along with time stamps generated by a real-time clock 
module. The device also features an LCD capable of 
displaying currently measured data. Specifications of 
the proposed device can be found in Table 1. 

Table 1: Electrical characteristics of the battery-
powered portable device for two-channel 
bioimpedance measurement. 

Parameter Value 
Impedance Range 10 Ω – 100 kΩ 
Frequency Range 1–100 kHz 
Supply Voltage 7–12 V 

Operating Voltage 5 V 
Current 

Consumption 
30 mA—Standby mode 

80 mA—Measurement mode 
Measurement 

Voltage 580 mVpp 

Measurement 
Current max. 242 µApp 

The AD5933 generates a sine-wave measurement 
signal with a DC offset. Both the amplitude of the 
signal and the DC offset are dependent upon the chosen 
range. The DC offset is removed in the frontend circuit 
with a first-order high pass filter because it cannot be 
applied to the patient. It could cause polarization of the 
electrodes during the measurement and distort the 
values of the measured impedance as well as increase 
the total current through the patient. The AD5933 
measures the real and imaginary components of the 
impedance via the Discrete Fourier transform (DFT) 
algorithm, and the exact value of impedance and phase 
angle is then calculated in the Arduino. To compute the 
correct value of impedance, the amplification of the 
frontend circuit needs to be considered. For 
determining the phase angle, it is necessary to always 
subtract the system phase from any given result, which 
is the phase shift caused by the measurement circuit 
itself. 

The safety of the patient is of the utmost importance 
when constructing medical devices and for this reason, 
the maximum value of current through the patient is 
limited by current-limiting resistors and is safely below 
the limit value set by the IEC 60601-1 standard. 

When measuring bioimpedance in the frequency 
range from 50 kHz to 100 kHz, the electrode-skin 
interface shows about 2 to 10 times higher value of 
impedance than human soft tissue [18]. When using 
only 2 electrodes, it is impossible to measure the exact 
impedance value of the tissue, because the impedances 

of the two interfaces between the electrodes and the 
skin are always added to the measured values. 
However, a bipolar electrode connection shows smaller 
dependence on the correct placement of the electrodes 
and it is not necessary to obtain the exact value of the 
impedance, but rather to compare the impedances of 
the two limbs against each other [19]. The device can 
be used in either of these two measurement modes. 

Testing and Evaluation 

To ensure the device is ready for evaluation in the 
clinical setting, a series of tests was designed. These 
include accuracy evaluation, electromagnetic 
compatibility, and laboratory experiments. 

The values of bioimpedance measured on patients 
can be expected to be below 50 kΩ, so to verify the 
accuracy of impedance measurements of the proposed 
device, high-precision resistors ranging from 50 Ω to 
50 kΩ were measured with both channels of the device. 

The accuracy of the device was also tested by 
measuring the complex impedance of an RC 
bioimpedance model. A Cole-Cole model was chosen, 
i.e., a resistor modeling the resistance of an 
extracellular fluid Re connected in parallel with 
a capacitor Cm and resistor Ri. The Ri represents the 
resistance of the intracellular fluid and the capacitor 
models the capacity of the cell membranes and is 
characterized by its frequency-dependent capacitance 
Xc. The values used are shown in Fig. 2. 

Many models have been proposed for characterizing 
the behavior of living tissue bioimpedance. Biological 
tissues are composed of cells and the cell membranes 
can be thought of as a dielectric between two plates of 
a capacitor. These plates are composed of intracellular 
and extracellular fluids. Bioimpedance models range 
from simple RC single-dispersion models to multi-
scaled models with constant phase elements for 
multiple dispersions over a wider frequency range [6, 
20]. The model used in this work is a simple single-
dispersion RC model because it was used only for 
gauging the accuracy of impedance measurement of 
a circuit with a capacitive character. 

The following equation was used to determine the 
real component of the impedance values of the model: 

 𝑅𝑅 = 𝑅𝑅𝑖𝑖𝑅𝑅𝑒𝑒∗(𝑅𝑅𝑖𝑖+𝑅𝑅𝑒𝑒)+𝑅𝑅𝑒𝑒𝑋𝑋𝑐𝑐2

(𝑅𝑅𝑒𝑒+𝑅𝑅𝑖𝑖)2−𝑋𝑋𝑐𝑐2
. (1) 

To determine the reactance i.e., the imaginary 
component of the impedance, the following equation 
was used: 

 𝑋𝑋 = 𝑋𝑋𝑐𝑐𝑅𝑅𝑖𝑖𝑅𝑅𝑒𝑒−𝑅𝑅𝑒𝑒𝑋𝑋𝑐𝑐∗(𝑅𝑅𝑖𝑖+𝑅𝑅𝑒𝑒)
(𝑅𝑅𝑒𝑒+𝑅𝑅𝑖𝑖)2−𝑋𝑋𝑐𝑐2

. (2) 
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The results of the impedance measured by both 
channels of the device were compared to the values of 
the model determined by calculations and a precise 
impedance analyzer ISX-3 (Sciospec Scientific 
Instruments, Bennewitz, Germany) in bipolar 
measurement mode. The measurements were 
performed for 8 frequencies between 10 and 90 kHz. 

 
Fig. 2: Values of the Cole-Cole bioimpedance model 
components. 

 

 

 
Fig. 3: Lab experiment: Top—Measurement setup with 
one channel of the device connected to a turkey leg in 
tetrapolar configuration; Middle—Injecting saline to 
increase IMP; Bottom—IMP measurement in the meat 
with intramuscular pressure monitor. 

A laboratory experiment on a piece of commercial 
meat (turkey leg) was conducted as a preliminary test 
of the hypothesis, that muscular tissue edema would 
change bioimpedance values. The setup of the 
experiment is shown in Fig. 3. The turkey legs were 
kept at room temperature with constant bioimpedance 
monitoring with one-channel tetrapolar configuration. 
The meat was injected with saline solution during 
measurement to artificially increase IMP. The pressure 

was then measured with Stryker Compartment Pressure 
Monitor (C2Dx, Michigan, USA). 

Results 

The results of the accuracy tests show that the device 
can measure resistances in the defined range with 
absolute deviation of phase angle under 1°. The relative 
deviation of impedance in the tested range was under 
1.84% for the right channel and less than 1.08% for the 
left channel. The values are summarized in Table 2. 

Table 2: Results of the accuracy tests on resistors for 
both channels showing the values of precision resistors 
and the values measured by both channels of the 
device, both impedance and phase angle. 

Resistor 
value 
(Ω) 

Impedance 
right 

channel 
(Ω) 

Phase 
angle 
right 

channel 
(°) 

Impedance 
left 

channel 
(Ω) 

Phase 
angle 
left 

channel 
(°) 

50 50.92 0.77 49.91 -0.04 
100 101.62 0.51 99.64 0.51 
200 203.59 0.61 199.37 0.37 
500 506.30 0.71 500.15 0.49 

1000 1015.32 0.64 1004.67 0.53 
2000 2024.23 0.57 2004.18 0.60 
5000 5045.24 0.53 4994.09 0.50 

10000 10100.02 0.32 9989.66 0.31 
20000 20115.21 -0.02 19897.35 0.01 
50000 50107.00 -1.02 49458.33 -0.87 

The differences between the calculated values and 
the reference bioimpedance analyzer on the RC model 
can be explained by non-ideal components and their 
deviations from the declared values. Impedance values 
are plotted in Fig. 4 and the phase angle is shown in 
Fig. 5. 

 
Fig. 4: Impedance in the frequency spectrum between 
10 and 90 kHz showing the calculated values, ScioSpec 
analyzer and values from both channels of the 
proposed device. 

https://doi.org/10.14311/CTJ.2023.1.05


 

29 
 

Lekar a technika – Clinician and Technology 2023, vol. 53(1), pp. 25–31, DOI: 10.14311/CTJ.2023.1.05 
ISSN 0301-5491 (Print), ISSN 2336-5552 (Online) 

ORIGINAL RESEARCH 

The measured impedance results of the proposed 
device differ only slightly compared to the values from 
the impedance analyzer. The average absolute 
deviation between them was 7.49 Ω for the right 
channel and only 1.48 Ω for the left channel. 

 
Fig. 5: Phase angle in the frequency spectrum between 
10 and 90 kHz showing the calculated values, ScioSpec 
analyzer and values from both channels of the 
proposed device. 

The phase angle results in Fig. 5 show an absolute 
deviation from the values measured by the analyzer of 
2.85° for the right channel and 2.73° for the left. The 
difference between the left and right channel was 
negligible, which is important, concerning the purpose 
of the device is to compare the impedances of the two 
compartments measured simultaneously by both 
channels of the proposed device. 

 
Fig. 6: Measurement 1 impedance plot showing that 
each saline injection decreased impedance of the 
measured tissue. 

The impedance results of the first laboratory 
experiment on turkey leg are shown in Fig. 6. The 
moments of saline injections are highlighted by a red 
asterisk. Each injection decreased the measured 

impedance significantly. Green asterisk shows when 
the IMP measurements were made. A slight change in 
impedance can be observed during IMP measurement 
when the needle is inserted between the measurement 
electrodes. This change however quickly returns to 
baseline. 

In the second measurement there is a certain 
tendency of both impedance and phase angle values to 
return to baseline after each saline injection, which was 
caused by leakage of the saline from the turkey leg 
because the skin did not cover the whole leg to prevent 
the liquid from escaping. The impedance is plotted in 
Fig. 7 and phase angle in Fig. 8. 

 
Fig. 7: Measurement 2 impedance plot showing similar 
behavior as measurement 1 and each injection lower 
impedance. 

 
Fig. 8: Measurement 2 phase angle values were also 
affected with each saline injection. 

It can be seen from the results of the preliminary 
laboratory experiments that injecting saline, which 
models edema of the tissues, can in fact decrease both 
impedance and phase angle of the measured tissues. 

The device was also tested for electromagnetic 
compatibility, and it was found, that no significant 
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interference is caused by it. It is also resistant to 
electrostatic discharges applied with air discharge 
method up to 10 kV with only the LCD panel being 
susceptible. The LCD however is not an essential part, 
and its malfunction does not interfere with the basic 
functions of the device, which are collecting and saving 
data of the measured impedances. 

Discussion 

The proposed device was designed specifically for 
simultaneously measuring contralateral muscle 
compartments in human limbs to monitor soft tissue 
changes like edema, cell damage and more. 

The accuracy testing showed that both channels of 
the device are capable of measuring impedance of 
resistors in the range between 50 Ω to 50 kΩ with 
relative measurement error below 1.84%. The 
impedance converter AD5933 has also been used in 
many studies focused on creating a low-cost impedance 
measurement device, with uses ranging from 
bioimpedance of the human body [21, 22] and/or plants 
[23] to the impedance of technical objects for 
monitoring of corrosion [24, 25]. The available studies 
vary in the analog circuits used for interfacing the 
AD5933 to the device under test. But most of the 
studies show similar levels of accuracy using this 
integrated circuit. Hoja et al. used two AD5933 ICs to 
measure single impedance, using one for measuring the 
voltage and one for measuring current flowing through 
the circuit in tetrapolar configuration with the result of 
relative error in impedance modulus of ±1.6% [24]. 
Schwarzenberger et al. achieved 2% relative error 
when measuring cell cultures [26]. The AD5933 was 
also used as an implantable bioimpedance monitor with 
Zigbee enabled and the authors reached a relative error 
of measurement of 2.5%. And the same accuracy was 
reached by Margo et al. when designing a system for 
tetrapolar measurement for physiological samples [27]. 

The accuracy of the proposed solution is comparable 
to the devices based on the same impedance converter 
integrated circuit designed by other authors for various 
bioimpedance measurements. Another part of this work 
was testing the hypothesis that increased extracellular 
fluid would be detectable with the proposed device. 
This was verified with a laboratory experiment using 
injected saline solution and measuring intramuscular 
pressure. In all cases the increase in fluid lead also to 
an increase in IMP and decrease in impedance. 

The device is capable of monitoring impedance of 
soft tissues and could therefore be used for monitoring 
developing edemas, for example in patients at risk of 
acute compartment syndrome onset. A bioimpedance 
measuring device that would be used would however 
need to be able to communicate wirelessly and notify 
or alarm when the values of bioimpedance would start 

to decrease. Future directions for this device should be 
clinical testing whether this method could be useful to 
improve diagnostic accuracy in such conditions as 
ACS. For this reason, the device was evaluated by the 
ethical committee of the University Hospital of 
Ostrava, Czech Republic and it was allowed for long-
term measurements and data collection in patients 
suffering lower limb fractures, which are at risk of 
developing acute compartment syndrome. 

Conclusion 

Bioimpedance measurement is a simple way of 
monitoring the structural changes in soft tissues that 
has potential in aiding the diagnosis of several 
conditions, most notably acute compartment syndrome. 
The proposed device for evaluation of the onset of soft 
tissue structural changes in the limbs based on the 
measurement of bioimpedance was constructed and 
tested. Basic accuracy and safety tests were performed 
and based on these results the device is ready to be used 
to test the suitability of the bilateral bioimpedance 
measurement method in a clinical setting for 
monitoring of structural changes in muscles of the 
limbs. Testing the method of measuring bioimpedance 
in patients in a clinical setting can provide important 
data for considering this method as a viable tool in 
diagnosing the onset of ACS and other soft tissue 
structural changes noninvasively in the future. The 
proposed device showed comparable accuracy to other 
similar devices described in the literature. 
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