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The present research aims to measure the segmental bioelectrical impedance (BI) of the human body at multifrequency, using a
server user interface-based prototype, which provides subjects with measured data online anywhere accessed by their unique
identifications. The present research measures the BI of the human leg and arm at a multifrequency range of 50—400 kHz with a
developed and standard device. Recorded data can be transferred to the subject using Wi-Fi technology with their unique
identifications and password. The system uses Wi-Fi interfacing for real-time data measurement and online data storage. The
prototype can be used commercially. The compact size of the prototype becomes the demand of the common population.
The pocket carry size makes it easy to carry anywhere for regular monitoring of the human body to prevent critical disease.
The resultant data show that the mean and standard deviation of the left and right leg are 282.2 +14.29 and 274.80 & 13.91 &2,
respectively. Similarly, in the case of the left arm and right arm, the mean and standard deviation are 325.41 + 16.54 and 320.73 +
16.07 ©, respectively. The relative error between developed and standard devices is 3.53%. Results show that the left leg and arm
impedance is always greater. However, the right leg and arm muscles are stronger than the left one, with less impedance at all
frequencies.

1. Introduction

The human body’s bioelectrical impedance (BI) shows body
cells’ embodied condition. The existing literature helps us
understand the different methodologies and standards for
BI measurement [1]. In rural areas, 10% of villages and
27%-28% of district people suffer from joint problems
because of being overweight and sometimes underweight
in case of imbalanced body growth. The surveys clearly
said India suffers from common diseases in both cases, first
due to obesity and second due to inadequate implementa-
tion. The population going through these types of situations
stands at the deadline of joint diseases [2]. Most people
suffering from joint disease face different body disasters,

such as immobility of some body segments, morning stiff-
ness, joint pain, swelling, and ruggedness. They become
dependent on others. The regular monitoring of the body
in the form of regular measurement of the impedance of
the human body or joint is proof-like support to prevent
these diseases. Overweight and obese is the main reason
for common problems because a heavy body puts pressure
on other joints, especially the lower body joint, so it becomes
necessary to diagnose the problem early so treatment can
start on time. The present prototype is more helpful for
the early detection and analysis of upcoming diseases due
to obesity. In other words, regular measurement of the BI of
the human body makes an ordered series to know about their
recovery and healing from these diseases [3]. Some research
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suggests that if a 5kg weight is reduced from a standard
range of body mass index (BMI) in obese and overweight
people, it makes considerable support to avoid 24% of surgi-
cal cases in knee osteoarthritis (OA).

Early detection of arthritis also prevents surgery [4]. There
are two methods for measuring bioimpedance: bipolar and
tetra-polar. In bipolar current drive and voltage, sensing uses
the same electrode; besides the tetra polar, voltage and sense
circuits are separate. The three-electrode systems do exist but
are for very specialized purposes. The eight-electrode method,
for example, for stand-on impedance devices, adopts the tet-
rapolar method and cycles through pairs of electrodes to
measure body regions sequentially. The tetra-polar method
is the most popular method because its accuracy increases [5].
The BMI is related to joint problems as early as 20 years in
men and 11 years in women.

The researchers suggest that a high BMI is risky for
adults. To prevent leg problems, weight control is primarily
necessary [6]. OA is a hazardous factor due to a high BMI for
a long time. The mass index can be controlled with the help
of regular body monitoring [7]. Single-frequency and multi-
frequency are used to measure the human body’s segmental
or whole-body BI. The literature shows that a single fre-
quency is not suitable to provide accurate internal fluid con-
ditions of the body. Multifrequency is used because of this
deficiency of single frequency. A single low frequency cannot
determine the internal position of body cells due to low
frequency as it can flow only outside the cell. Inversely,
high frequency can easily flow inside the cells to know the
internal position. Multifrequency is used instead of single
frequency to measure body composition parameters [8].

The analysis of measured values of total body water
(TBW) and fat-free mass (FFM) shows that predicted values
at 50, 100, and 200 kHz are nearly equal to measured values.
This is because, at low frequencies, current cannot cross the
cell membrane and flow only in extracellular fluids. However,
high frequencies strike the cell membrane and are conducted
through intracellular and extracellular fluids [9]. Multifre-
quency measures body composition parameters like FFM
and TBW, so the 50-300 kHz range is normally used to diag-
nose body tissues [10].

On the other hand, segmental BI is better than whole-body
impedance, as analysis of a specific body segment is possible with
segmental impedance [11]. The segmental impedance gives
detailed information about a particular body part or joint of
the human body, which can become supportable for correct
treatment and solution. There are various techniques for the
measurement of body composition and bioimpedance of the
human body, such as bioelectrical impedance analysis (BIA),
dual-energy X-ray absorptiometry, magnetic resonance imaging,
or computed tomography [12]. A significant fat mass (FM) mea-
surement with BIA can reduce clinical injuries [13].

The BIA shows a compatible correlation between both
sexes in estimating FM and FFM [14]. It is found that the
percentage of body fat is underestimated for normal BMI.
Body fat percentage is overestimated for obese BMIs and
overweight mass index. Segmental bioelectrical is useful for
knowing how any segment of the body affects any diseases
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and is also helpful in diagnosing changes in different types of
body composition parameters like mass of particular seg-
ments mass and fat [15]. The BIA foot-to-foot method accu-
rately predicts different fat levels in healthy Asian individuals.
In obese people, BIA also calculates FFM. Existing research
shows that the obesity parameter scale affects the accuracy of
BIA in individuals [12]. According to the measurement of
BIA, the FM for the arm and leg is considered underesti-
mated, and the lean mass for the arm and trunk is overesti-
mated [16]. Some studies reported that resistance and
reactance of different body segments directly correlated to
body fat percentage. At the same time, BMI is highly corre-
lated with the percentage of body fat [17].

The assessment of BI of the leg and arm is more valuable
than the trunk, as analysis of FFM in obese and nonobese
women is accurate. The literature said that BIA and the
underwater weight of a woman are almost the same in pre-
dicting the FFM of women who follow the diet or combine it
with exercise [18]. The variables of BI are inversely propor-
tional to BMI. BI variables are R, known as resistance at zero
frequency; Roo at infinite frequency; and Ri, intracellular
resistance. The BMI and BI are significantly correlated
[19]. The routine measurement of impedance becomes help-
tul in informing about the healing progress of fractured or
healthy bone. The impedance of a fractured bone is more
than that of a healthy bone. Regular checkup marks the
healing of diseases [6]. The improvement in the healing
and recovery of a group suffering from diseases also depends
on the body’s BMI. If a body’s BMI decreases, then fast
improvement occurs in pain, but healing takes time at incre-
ments in BMI [20].

2. Materials and Methods

This section shows different modes for BI measurements.

2.1. Basic Principle of Segmental BI Measuring. The use of
Ohm’s Law theory reveals that, concerning the human body,
the source known as voltage (used to insert current into the
human body) is produced between the different points in
body fluids. Apart from this term, the sink is known as
current, which flows between two electrodes (used to detect
the current response [21]).

Figure 1(a) shows an electrical circuit of the body cell. As
shown, the cell membrane consists of intracellular fluid (ICF)
and extracellular fluid (ECF), which are considered the
body’s resistance, with the same platform cell membrane,
also considered a capacitor. A human body with respect to
biological tissues is known as having three components: RC-
circuit, in which Cy; is the capacitance of cell membrane,
Ricr is the resistance of intracellular fluid, and Rgcp is the
resistance of the ECF. The capacitor Cy; is connected in a
parallel series of Ricr and Rgcg.

The equivalent circuit of human body cells is shown in
Figure 1(b). The connection shows how sensing electrodes
connect with body cells. Low and high-frequency effects
prove that biological tissues of the human body have differ-
ent impedance properties with the multifrequency current;
the electrode system Zy, composed of the electrode and
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FIGURE 2: Model of bioelectrical impedance measurement.

human tissues, connects with a standard resistor Rg in series
[22]. The model for the bioelectrical measurement is shown
in Figure 2. The voltage across Zx and Rg becomes U and Us
after signal processing when there is an excitation current in
the circuit. The current through Zy and Ry are I, and the
relationship between Uy and Us is as follows:

U, LZgy Zyx

Us IRg Ry’

Using Equation (1), it is concluded that,

U, U,/ U,
z_R|z| 1 |z|

— =Ry =Rs
|Us|/ ¢, |Us|

ZX:RSU
S

/0. 2)

Here, /6 is the phase difference of U, and Us.

The BI of body tissues diversifies with the different fre-
quency ranges of current implemented to them. The fre-
quency and impedance are inversely proportional to each
other. An increment in the frequency decreases the corre-
sponding value of the impedance of biological tissues [23].
The relation between X, (capacitive reactance) and f (fre-
quency) is also inversely proportional; X. reduces rapidly
up to zero at a high or infinite frequency. Similarly, X, acts
as an open circuit at zero frequency and increases up to
infinity.

1 1

Xr=— =
€T 2fC wC’ (3)
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where X is the capacitive reactance, C is the capacitance in
farads, and f is the frequency in Hertz.

Figure 3 shows a nonlinear curve between capacitive
reactance and frequency. The graph’s nonlinearity follows
that a capacitor’s reactance value is high at low frequency
but decreases quickly as frequency increases. The relation
between frequency and impedance is nonlinear or inversely
proportional, as impedance will be reduced with a frequency
increment.

2.2. Multifrequency and Segmental BI Measurement. The research
uses a multifrequency measurement technique because single- or
low-frequency currents cannot punch body tissues and can only
calculate the extracellular fluid value of human body cells. A high
and low range of frequencies is required to estimate both ECF
and ICF. The impedance of the human body can be calculated at
a different frequency, and measured values of ICF and ECF
become helpful in computing the value of TBW. The single
frequency can not find the situation of ICF, so it becomes diffi-
cult to get satisfactory results [24]. Figure 4 represents the bio-
logical current flow of low and high frequency in the cell
membrane of the human body.
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The multifrequency is usable for measuring parameters
related to body composition, such as TBW, FEM, ICW, and
ECW, at different frequencies. So, multifrequency is used in
this research [25].

2.3. System Architecture. The basic block diagram of the BI
analyzer is shown in Figure 5. It consists of an Arduino
microcontroller to control the necessary action for data per-
formance and storage, a subminiature version-A (SMA) to
alligator cable for electrode connections, an impedance ana-
lyzer circuit for impedance measurement, and thin film tran-
sistor (TFT) LCD to display the measured as results. Figure 6
shows an experimental setup for the measurement of the BI
of the human body. The present prototype is more affordable
and reliable than the other BIA devices already available in
the market because available devices with all features pre-
sented in the prototype are bulky and out of reach for a
common population to regularly monitor diseases. The pres-
ent prototype is compact and pocket-carrying, so it can be
easy to carry anywhere and do monitoring anytime.

2.4. Arduino Microcontroller. To make the present prototype
compact, an Arduino Mega (ATmegha2560) is used [3]. The
length and width of ATmegha2560 are 4 and 2.1 inches,
respectively. It has a total of 54 input and output ports,
with a combination of 14 pulse-width modulation outputs
and 16 analog inputs.

2.5. TFT LCD Display Screen. The measured results are
shown on the 2.4-inch TFT LCD-colored screen. The hard-
ware of this microcontroller consists of a resistive touch
screen, an SD card slot, an Arduino shield, and a reset but-
ton. Arduino also required preinstalling the TFT library, in
which Arduino uses the SPI interface to use this shield.
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FIGURE 7: The required components: (a) impedance analyzer; (b) Arduino microcontroller; (c) SMA to alligator coaxial cable; (d) TFT LCD
screen.

2.6. Impedance Analyzer Circuit. The impedance analyzer
used in the present research consists of an onboard fre-
quency generator AD5933 and an analog-to-digital con-
verter (ADC) with a 12-bit impedance converter. The main
feature of this analyzer is the measurement of the known
impedance of the human body at a known frequency with
the help of ADC. The output of AD5933 depends on the
excitation amplitude. The range of measured impedance is
affected by the AD5933 chip regarding linearity and calibra-
tion process [26]. The required components for designing
the impedance analyzer are shown in Figure 7.

2.7. Electronics Connections. The skin electrode is suitable for
measuring the lower leg’s BI [27]. Because of the different
types of apparatus and methodology, the prediction of BIA
varies by 10% of body weight. The different estimated
equations with their variables are developed based on the
method used as a reference [28]. The device used in [29]
has multilead or multielectrodes for accurate measurement.
It is also used for the measurement of volume at different
segments of the body. About 200-£2 unchanging impedance
can be provided by spherical electrodes in full range fre-
quency. These types of electrodes show zero phases with
resistive behavior. Additionally, quadrate electrodes show
complex and high impedance at low frequencies [30]. The

(©) (d)

bioimpedance analyzer’s manufacturers used an electrode
that minimizes the error in equipment at the right side of
the human body at 50 kHz frequency, but at high frequency,
when measured impedance becomes low, the error may
increase. To prevent these problems, low-impedance electro-
des are mostly suitable to be used [31, 32]. Design require-
ments can be used to connect the structural elements in a
permanent and nonpermanent manner [33]. There are dif-
ferent types of treatment for the affected body, and choosing
the correct treatment method depends on the patient’s toler-
ance and health [34].

2.8. System for Storage and Data Transfer. The main aim of
the present research is to make the system digital in the form
of data storage and the transaction to the subjects whose
measurements will be done. As a developed prototype used
to measure the BI of the human body at multifrequency, it is
necessary to send measured data to the subjects and exam-
iner for future use or research the data academically or com-
mercially [35-40]. The research uses an in-build device with
a Wi-Fi chip to send the data to the server.

3. Interfacing Software/Flowchart

The developed prototype works with inbuilt software with
embedded C language. This inbuilt software developed
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embedded C language controls all the action functionality. The
flow chart in Figure 8 shows the basic algorithm of the
impedance-measuring prototype.

4. Results and Discussion

4.1. Measurement of BI of Upper and Lower Limbs of the
Human Body. The prototype used in this research measures
the BI of the human body’s legs (left and right) and both arms
(left and right) at multifrequency. Observing the measured data
indicates that the impedance of the left leg is always more than
that of the right leg. Similarly, the right arm’s impedance is less
than the left arm’s, although the right arm’s muscles are stron-
ger than the left one’s. The measurement of both legs and arms
is made at the same frequency. The computation of intracellu-
lar and extracellular resistance is done with multifrequency
help. Figures 9 and 10 list the comparative analysis of devel-
oped and standard devices for the human legs and arms,
respectively. The position of the electrode placement for the
upper and lower limbs is shown in Figure 11, respectively.
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FiGure 10: Comparative analysis of developed and standard devices
for the human arms.

Tables 1 and 2 show the results of the measurement of the
BI of the human left and right leg at the frequency range of
5-400 kHz for the developed and standard device (standard
device already available in the lab model: microprocessor-
based four-channel auto mode T.E.N.S unit), respectively.
Results vary from 311.1 to 267.3 £2 for the left leg and 302.3
to 260.7 2 for the right leg with different frequencies in the
developed devices and from 322.1 to 271.8 €2 for the left leg
and 317.5 to 262.9 €2 for the right leg with varying values of
frequency in the standard device. It can be noticed from the
table that the impudence of the human leg increases at the
lowest frequency and decreases at the highest frequency. Mea-
sured impedance is inversely proportional to the frequency
applied during measurement.

Table 3 represents the comparative analysis between data
recorded through the developed and standard devices at the
same frequency for the left and right leg of the human body.
According to the resultant data, the difference error varies
from 1.66% to 5.37% between the developed and standard
devices for the left leg and from 0.84% to 5.81% £ for the
right leg. The phase of the device can vary according to the
different frequencies at which measurements are taken.
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FiGURE 11: Position of electrodes for the measurement of limbs: (a) position of electrodes for the measurement of upper limb; (b) position of

electrodes for the measurement of lower limb.

TasLE 1: Bioelectrical impedance of human left and right legs at TaBLE 2: Bioelectrical impedance of human left and right legs at
multiple frequencies using the developed prototype. multiple frequencies using the standard device.

Frequency (kHz) Left leg (£2) Right leg (2) ~ Frequency (kHz) Left leg (€2) Right leg (€2)
5 311.1 302.3 5 322.1 317.5

50 291.2 283.6 50 305.3 299.7
100 286.8 280.2 100 299.1 2734
150 282.1 2754 150 298.1 292.4
200 276.4 269.6 200 288.9 280.3
250 272.1 264.2 250 280.2 274.2
300 270.6 262.4 300 276.6 269.4
400 267.3 260.7 400 271.8 262.9

TasLe 3: Difference error between the bioelectrical impedance of human left and right legs at multi frequencies using the developed and
standard device.

Impedance (£2) Mean value

Frequency (kHz) Left leg Right leg
Standard device BIA instrument Dift./error (%) Standard device BIA instrument Dift./error (%)
5 322.1 311.1 3.42 317.5 302.3 4.79
50 305.3 291.2 4.62 299.7 283.6 5.37
100 299.1 286.8 4.11 273.4 280.2 2.49
150 298.1 282.1 5.37 292.4 2754 5.81
200 288.9 276.4 4.33 280.3 269.6 3.82
250 280.2 272.1 2.89 274.2 264.2 3.65
300 276.6 270.6 2.17 269.4 262.4 2.60
400 271.8 267.3 1.66 262.9 260.7 0.84
TasLE 4: Bioelectrical impedance of human left and right arms at TasLE 5: Bioelectrical impedance of human left and right arms at
multi frequencies using the developed device. multiple frequencies using the standard device.
Frequency (kHz) Left arm (£2) Right arm (£2) Frequency (kHz) Left arm () Right arm (£2)
5 399.3 390.4 5 433.2 437.2
50 357.6 351.7 50 378.6 358.3
100 339.6 334.3 100 356.3 339.2
150 330.8 326.2 150 348.8 330.2
200 3214 317.5 200 336.4 3234
250 318.7 314.3 250 326.5 320.7
300 315.2 311.6 300 319.2 3114
400 312.1 307.4 400 316.1 304.4

500 307.9 302.8 500 312.5 298.8
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TasLE 6: Difference error between the bioelectrical impedance of human left and right arm at multiple frequencies using the developed and

standard devices.

Impedance (£2) Mean value

Frequency (kHz) Left arm

Standard device BIA instrument

5 433.2 399.3
50 378.6 357.6
100 356.3 339.6
150 348.8 330.8
200 336.4 3214
250 326.5 318.7
300 319.2 315.2
400 316.1 312.1

Right arm
Diff./error (%) Standard device BIA instrument Diff./error (%)
7.83 437.2 390.4 10.70
5.55 358.3 351.7 1.84
4.69 339.2 334.3 1.44
5.16 330.2 326.2 1.21
4.46 3234 317.5 1.82
2.39 320.7 314.3 2.00
1.25 311.4 311.6 0.06
1.27 304.4 307.4 0.99

Tables 3 and 4 show the results of measuring the BI of the
human left and right arm at the frequency range of 5-400 kHz
for developed and standard devices, respectively. Results vary
from 399.3 to 307.9 2 for the left arm and 390.4 to 302.8 Q2 for
the right leg for different frequencies in the developed devices,
and from 322.1 to 271.8 2 for the left leg and 317.5 to 262.9 2
for right leg with different values of frequency in the standard
device. It can be noticed from the table that the impudence
of the human arm increases at the lowest frequency and
decreases at the highest frequency. Measured impedance
is inversely proportional to the frequency applied during
measurement.

Table 5 lists the results of the BI of human left and right
arms at multiple frequencies using the standard device. Results
vary from 433.2 to 312.5 Q2 for the left arm and 437.2 t0 298.8 2
for the right leg for different frequencies in the developed
devices. Table 6 represents the difference error between data
recorded through the developed and standard devices at the
same frequency for the left and right arm of the human body.
According to the resultant data, the difference error varies from
1.25% to 7.83% between the developed and standard devices for
the left arm and from 0.06% to 10.70% £2 for the right arm.

The advantages of the developed prototype are as follows:

(1) Cost-effective: The device proposed in this research
detects estimated risks at a low cost.

(2) Pocket size: The proposed device is small, like a cell
phone.

(3) Early detection: The device is useful for detecting
body diseases early with daily monitoring.

(4) Fitness scale: To identify limits of physical workout
according to their capability.

(5) Acceptance: The proposed device can be easily accepted
by everyone in the medical field, including clinical and
laboratory, sports, nutrition, and psychology.

(6) Fast response: The proposed device is very fast as it is
a real-time monitoring device.

(7) Quick and reliable: The prototype gives a quick and
reliable additional assessment.

5. Conclusions

The summary of the overall study and development of the
present prototype defines the BIA technique as the simplest
method to measure the BI of human body segments using
this device. The device includes segmental measurements
with impedance analysis of the upper and lower limbs. The
measurement’s time duration shows the developed device’s
fast measurement response. For the examination of the body,
a small amount of current passes into the body using two
pairs of electrodes, and the corresponding response is
recorded in the form of impedance. The instrument devel-
oped for measuring the segmental body is used to measure
segmental BIA parameters. IOT technology was used to
make the instrument capable of making quick decisions at
the critical stage of diseases. This instrument measures basic
BIA parameters such as multifrequency resistance, reactance,
and impedance. The developed prototype in this research
will be more demandable because of its compact size and
low weight. The BIA technique is more prevalent in a normal
population’s medical, academic research, and daily routine
life to protect them from different types of diseases. The
present device can also add more features to measure other
related parameters.
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