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1. Basic mathematical relations and features of calculations in the 

registration of human biophysical signals.  

 

1.1. The main characteristics of sinusoidal signals as the basis of biosignals. 

 

Any radio signal, as well as human biophysical signal can be displayed as 

separate sinusoidal signals with different characteristics. Thus, the sinusoidal signal is 

the basis of any signal, and their combination allows you to get a signal of any shape. 

Any signal in time has an equivalent in frequency and vice versa. 

 

 
This signal can be recorded on an oscilloscope. Such a pulse, rectangular signal has a 

frequency reflection in the form: 

 
One rectangular pulse has a frequency portrait in the form (sin⁡ (x)) ⁄x - the 

amplitude varies in magnitude and law at infinite frequencies. If the path cannot pass 

all infinite frequencies, the frequency spectrum is limited, then there is a distortion of 

the shape of the transmitted signal. 
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Thus, a rectangular pulse in time consists of individual frequency components - 

f1, f2, f3… (sine wave) with different amplitudes and phases. Such frequency signals 

can be monitored using special devices (frequency meters that measure one 

frequency, as well as spectrum analyzers that measure all frequencies). 

The main characteristics of the sinusoidal signal: 

 
The instantaneous voltage value (U (t)) changes with time –t1U1; t2U2; t3U3; 

And at time t4 the voltage value is maximum. The maximum value of any signal is 

called the amplitude of Umax. The time during which one complete oscillation occurs 

is called the period T [sec]. During one period, the amplitude of the signal changes its 

sign from positive to negative (+ → -). The number of signal oscillations per 1 

second is called frequency (f = [1 / sec] → Hz). This frequency is related to the 

period:   
 

 
    

 

 
  

In addition to this frequency, there is a cyclic or circular frequency:  

      
  

 
          

The distance to which a wave propagates in one period is called the wavelength. 

      
 

 
    

 

The oscillation has a mathematical form:  
 ( )           (    ) 

U(t) – instantaneous value from t; Vmax – amplitude;   – circular frequency; 

υ – phase of oscillations. 

When measuring sinusoidal oscillations with any measuring device, the effective 

voltage is measured at the level of 0.7 of the amplitude: 
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The operating voltage corresponds to the voltage of a constant alternating 

current which performs the same work as the alternating current. Relationship 

between effective voltage and maximum voltage: 

  
              

             

 

Voltage max 310 V can be registered using an oscilloscope in the 220 V mains 

as the maximum value of the amplitude. Ohm's law is important for radio circuits, 

which is determined by the relationship between voltage, resistance, current: 

 

  
 

 
           

      
  

 
 

  

 
 

 

For radio and biophysical signals, in addition to relative units in a wide 

dynamic range, there are special units of measurement [dB] for voltage and power. 

 

2.  Features of medical and diagnostic complexes. Human biophysical signals 

 

2.1. The main stages of the treatment and diagnostic process 

 

 

Medical practice is a multi-stage medical-diagnostic process, the purpose of 

which is to identify the symptoms of the disease, reduce (eliminate) the causes of 

their appearance. Diagnosis and treatment tactics of the doctor is largely determined 

by biophysical data that can be obtained from various devices (diagnostic devices, 

laboratory tests, etc.). The whole medical-diagnostic process and its efficiency 

significantly depends on the effectiveness of the use of diagnostic devices. In medical 

practice, it can be represented as a multi-stage process that is repeated many times.  
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The purpose of this process is to identify the symptoms of human disease and 

eliminate the causes of their occurrence. 

 

Medical practice consists of the main stages: 

 

• Collection of data about the person (objective data of devices: ECG, data of 

laboratory analyzes); 

• Analysis of objective and subjective data on the human condition (external 

signs of the disease, subjective complaints, temperature, skin condition); 

• Making decisions according to the algorithm or treatment process; 

• The process of treatment in hospital or at home (clinical period of the disease) 

with the help of drugs (* to preserve the intestinal microflora, when using antibiotics, 

you should use nystatin) and medical equipment; 

• Repetition of all or some stages, depending on the circumstances; 

• Rehabilitation stage after the disease. 

 

І. Collection of clinical data 

 

Modern methods of diagnosis (CT-Diagnosis) objectively register the 

physiological parameters of man, which determine the pathological changes in the 

functioning of the human body. There are separate diagnostic devices and systems 

(ultrasound diagnostics, X-ray tomography, nuclear magnetic resonance, PET 

positron emission tomography, etc.), as well as automated medical diagnostic 

complexes for complete analysis of human physiological condition (simultaneous 

measurement of gas exchange, temperature, time). To increase the effectiveness of 

the diagnosis, it is necessary to add the sujective factors of the sick person (food, 

nature of the discharge). 

 

Basic systems of the human body and features of the characteristics of 

biophysical signals 

The system of the human body; 

research methods. 

Range and nature of primary 

signals recorded by sensors 

I. Cardiovascular system (CCS) 

1. Blood pressure (direct method of 

measurement) 

2. Blood pressure (indirect or 

indirect method, systolic, diasystolic 

pressure) 

3. Pulse wave (mediocre method 

on peripheral arteries) 

1. Maximum frequency up to 100 (up 

to 60g). Pressure limit (arterial 

400-300 mm Hg; venous 0-15 mm 

Hg). 

2. Auscultative measurement method 

(Korotkov method). Frequency 30-

150 Hz. Palpatory criteria. 

Frequency 0.1-60 Hz.0.1-60Гц. 
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4. Plethysmogram (degree of 

filling of organs) 

5. Heart rate (HR) 

6. Oximetry (degree of filling of 

blood with oxygen) 

7. Cardiac output 

8. Electrocardiogram (ECG) 

3. Up to 30 Hz 

4. 45-200 bpm (human) ≤60 bpm. 

(bradycardia) ≥90 bpm. 

(tachycardia). 50-600 bpm 

(animals). 

5. 0-60 Hz 

6. 0-60 Hz 

7. 0.5-100 Hz 

ІІ. Respiratory system 

1. Gas exchange rate 

(pneumotachogram) 

2. Respiration rate 

3. Respiratory volume 

4. Concentration of carbon dioxide, 

nitrogen dioxide, halothane (gases 

for anesthesia) Frorotan. 

1. The maximum speed is 8 l/s. 

Frequency up to 40 Hz. 

2. For a person, the average 

frequency is 12-40 d/min. For 

animals 8-60 d/min. 

3. For an adult, 60 ml. 

4. The normal level of carbon dioxide 

is from 0 to 10%, at the end of 6%. 

Nitrogen dioxide 0-100%, 

halothane 0…3%. 

III. Gas component of blood 

1. Oxygen partial pressure (in vivo, 

in vitro) 

2. pH-in vitro 

3. Partial pressure (pCO2) in vitro 

1. Frequency range up to 1 Hz. 

Normal level of oxygen pressure 

0...800 mmHg, hyperbaric 800-

3000 mmHg. 

2. The signal amplitude range is 

0...700 mV. 

3. Pressure 1...1000 mm Hg, signal 

level up to 15 mV. 

 

IV. Bioelectric potentials of the 

person 

1. Electroencephalogram (EEG) 

2. Electromyogram (muscles) 

3. Electroretinogram (retinal 

characteristics) 

4. Electronistogram (eye 

movement) 

1. From 0...100 Hz. The main 

diagnostic rhythms are 0.5...60 Hz. 

The normal signal level is 

15...100μV. 

2. Range 10-200 Hz. Duration 0.6..20 

ms. 

3.  0...20Hz, amplitude 0.5mV-1mV 

4.  0...20Hz, 100μV per 10 degrees of 

eye rotation. 
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Biophysical signals of the human body 

 

Functional characteristics 
Frequency 

range, Hz 

Signal 

amplitude 

1) Electroencephalogram (electrical activity of 

the brain) 
0,15 – 300 1 – 3000 µV 

2) Electrocardiogram (electrical activity of the 

heart) 
0,15 – 300 0,3 – 5 mV 

3) Electromyogram (electrical activity of 

muscles) 
2 – 10000 1 µV – 10 mV 

4) Electroretinogram (electrical activity of the 

retina) 
0 – 20 0,5 µV – 1 mV 

5) Electrogastrogram (electrical activity of the 

stomach) 
0,05 – 0,2 0,2 – 1 mV 

6) Respiration rate 0,06 – 3,5 mV 

7) Cardiogram (heartbeat) 0,04 – 20 mV 

8) Pulse oscillations of the artery wall (pulse) 0,05 – 40 mV 

9)  Wheezing (breathing) 180 – 710 mV – V 

10) Noise of friction of the pleura 710 – 1400 mV – V 

11) Pericardial friction noise 355 – 710 mV – V 

12) Phonocardiogram (acoustic activity of the 

heart) 
20 – 1000 mV – V 

13)  Temperature  20 – 42 °С 

 

According to the results of the analysis of human biophysical signals, after 

determining the algorithm of the treatment cycle, use medical-diagnostic complexes 

that help to verify the effectiveness of treatment during the disease. 

 Ковтальний рух, портальний ритм, серцевий цикл, голодна моторика 

шлунку, легені,середня частота імпульсів по руховим волокнам,середня частота 

біострумів м’язів – Swallowing movement, portal rhythm, cardiac cycle, hungry 

gastric motility, lungs, average frequency of impulses on motor fibers, average 

frequency of muscle biocurrents. 
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ІІ. Stage of data analysis and development of treatment algorithm. With 

the help of modern PC technology, all human biophysical parameters are analyzed 

using special programs. After the computer analysis, the doctor receives computer 

processing of ECG signals and the recommended analysis and treatment algorithm. 

After a preliminary analysis, the doctor determines the final diagnosis and treatment 

algorithm. 

 

 III. Stage of treatment  

 

General scheme of medical and diagnostic complex 
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After processing and registration of primary signals of a human body, there is 

a computer processing of the basic parameters and are issued: • Recommendations 

for doctors (Holter monitoring); • According to the results of analyzes of biophysical 

signals, the treatment control unit sends stimulating signals to improve the general 

condition of the person; • Stimulation signals needed to diagnose brain function 

(visual and auditory stimuli), muscle stimulation signals are generated to study or 

diagnose their work. 

2.2.  The main functional systems of the human body 

 

A living organism consists of functional systems that have appropriate functions and 

are formed by organs, tissues and cells.  

The cell is an elementary living system endowed with the property of exchange with 

the environment. Tissue is a system of cells and non-cellular structures united by a 

common function, structure and origin. An organ is a part of the body that is a 

complex of tissues united by a common function and structure. 

In the human body there are the following basic functional systems:  

1) Supports and movements;  

2) Circulation;  

3) The blood system;  

4) Endocrine system;  

5) Breathing;  

6) Digestion;  

7) Genitourinary system;  

8) Nervous system. 
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The main functional systems of the human body. (schematic view) 

 

 
 

1. The system of support and movement - is a set of bones, joints between them 

and skeletal muscles. The bones are connected into a single functional system. 

Their movement or fixation in space is provided by muscles that receive 

impulses from the nervous system. 

2.  Respiratory system - formed by organs whose purpose - to provide the body 

with oxygen and excretion of carbon dioxide and some water.  

3.  Digestive system - a set of organs that ensure the entry into the body and the 

transformation of food and water into simple chemical compounds that can be 

assimilated or excreted from the body. 

4. Genitourinary system - covers the organs that produce, accumulate and 

excrete urine. The genitals are responsible for reproduction and other body 

functions. In the male body, in contrast to the female, the urinary and genital 

systems have common organs. 

5.  Blood circulatory system - consists of the heart, which acts as a pump in the 

transfer of blood, and blood vessels, which form a single system for blood 

flow.  

The blood 

circulation 

The blood 

system 

Genitourinary 

system 

Digestion 

Supports and 

movements 

Nervous 

system 

Endocrine 

system 

Breathing 
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6.  Blood system - formed by plasma and suspended erythrocytes, platelets and 

leukocytes. Blood performs - transport, protective, respiratory and other 

functions. 

7. The endocrine system is a gland in which active chemicals (hormones) are 

produced, which cause changes in the work of other organs and affect 

metabolism. 

8.  Nervous system - the most complex functions of combining organs and 

systems into a single human body, coordinates their activities and interaction 

with the environment. 

According to the levels of organization of living matter (cells, tissues) - in 

biology and medicine there are different areas of their study: The structure and 

function of cells is studied by cytology, tissues - by histology. Physiology - studies 

the vital activity of the whole organism and its individual parts, the mechanisms of 

physiological functions (respiration, blood circulation). Homeostasis is the relative 

dynamic constancy of the composition and properties of the internal environment and 

the constancy of the basic physiological functions of the organism. 

The task of medicine is to preserve and strengthen human health, prevent and 

treat diseases. The performance of these functions is closely intertwined with the 

process of diagnosing the human body - the establishment of a set of cytological, 

histological, physiological and other indicators, which in their unity reflect the 

dynamic interaction of different functional systems and ultimately normal or 

pathological state of the body. 

 

Schematic representation of the diagnostic complex. 

 

Stimulation 

(dose 

Biophysical 

signal 

converters 

Diagnostic 

equipment 

Processing 

Visualization 

Storage 

 Data transfer 

(exchange) 
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I. Data collection. The complexity of a living object, the interconnectedness 

and influence of its various organs and processes make it especially important to 

gather as much information as possible about its condition. The first link in the 

complexes is the signal converters of the biological object. Stimulator - a method of 

functional tests, which consists in a certain action on the human body and registration 

of the reaction of its physiological parameters to this action. 

The following stimuli: a) Electrical stimulation with short electrical pulses (to 

measure nerve conduction time). Response - (muscle reaction) - is recorded using 

transducers and secondary equipment. b) Pharmacological tests (effect of substances 

on the human body) - labeled atoms are introduced in radiology. 

The use of technical means - expands the possibilities of perception of the 

doctor, gives objective assessments of physiological parameters of the body, 

obtaining fundamentally new information (for example, ultrasound and X-ray). These 

methods make it possible to visualize the structure, movement of elements of the 

internal environment of the human body, to obtain other physiological information. 

Technical means provide simultaneous registration of many processes and 

accumulation of information for a long period of time (day, week). Instant cut on 

many indicators of vital activity of the human body, the ability to compare these 

indicators over time is very important for diagnosis and treatment. 

II. Data analysis and diagnosis. Allows (goal) - to find out the person's 

condition and, if necessary, to determine the cause of the disease and decide on 

treatment tactics. During data analysis - constant correlation of physiological 

indicators of human condition with medical experience in the form of a data bank 

(information about the patient, functional indicators of his body over time, diagnosis 

of the disease, etc.). At this stage, the process technical means are used for 

mathematical processing of input data and presentation of results in the usual form 

for physicians (without such processing, the effective use of multichannel 

information is impossible). Methods of presenting results - on the display screen, on 

paper, acoustic, light alarm, long-term memory protocol, transferred to other 

elements of the equipment, combined presentation of results. The prospect of creating 

automated and expert systems (not only able to diagnose and treat tactics - at the 

request of the doctor - to demonstrate the chain of conclusions that led to the 

diagnosis). 
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III. Choice of tactics and treatment. At this stage, data processing continues 

using information from different banks (patient bank, information about the treatment 

process and the nature of patients' reactions to various drug actions, etc.). The process 

ends with the choice of tactics and treatment. At the stage of treatment, the rapid 

spread of the scope of automated treatment systems - is the interference in the natural 

course of processes in the human body by actions that require special knowledge and 

skills. Treatment is carried out taking into account the reactions of the body, which 

may be inadequate. At the stage of treatment, the previous stages of the diagnostic 

and treatment process are promptly repeated. Therefore, direct control over treatment, 

treatment under the control of technical means have not yet become widespread in 

medical practice. An important role of transducers in this process - in diagnosis - is 

involved in the production and use of information of the biological object, in 

treatment - the formation of therapeutic effects on the human body. 

 

2.3. Main characteristics of biophysical signals 

 

A signal is a sign, a physical process, a phenomenon that carries messages 

about events, the state of an object or transmits control commands, and so on. The 

information contained in the message is represented by a change in one or more 

signal parameters. Biophysical signal - a signal of biological origin that contains 

information about physiological parameters. Physiological indicators are physical 

quantities that characterize the processes or functions of a living organism (pulse, 

human temperature, heart rate, acidity of the internal environment of the stomach). 

Physiological parameters can be measured directly (body surface temperature), or 

determined by a combination of measurements of several physical quantities - blood 

pressure - using a sphygmomanometer and a phonendoscope (I - a combination of 

manometer + cuff, which covers the human shoulder and changes air pressure. 

Device for listening to acoustic signals in the human body - in the artery, which is 

under pressure from the cuff). The vital activity of the human body is accompanied 

by various biophysical signals - can be registered - inside the body, in the cavities of 

the body, or on the surface of the human body or, due to radiation, at some distance 

from it. 
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Manifestations of the human body (biophysical signals) 

 

 

 

The most widespread in medical diagnostics are methods related to electrical 

phenomena in the human body - the biopotentials of the brain, heart and muscles. 

The emergence of biopotentials is based on the transfer of ions in excited cells 

(muscle, nerve). In the human body, cells are in a liquid electrolytic medium with a 

predominance of potassium ions K +, sodium Na + and Cl- near the cell surface. The 

emergence of biopotentials is associated with the movement of K + Na + ions outside 

and inside cells. There are two mechanisms of such movement - active and passive. 

Active mechanisms - potassium and sodium pumps. Passive is the diffusion of ions 

through the membrane of cells due to their different concentrations outside and inside 

the cell. 

The sodium pump transfers Na + ions from the middle to the environment, and 

the potassium pump transfers K + ions to the middle of the cells (the sodium pump is 

more powerful than the potassium pump). At rest, the shell of excited cells passes K 

+ ions and retains Na +. At rest, K + ions pass through the membrane both through 

the active process (potassium pump) and passive - diffusion. Na + ions are 

transported only by the mechanism of the sodium pump. Therefore, ionic equilibrium 

Biophysical signals on the 

surface of the body, in 

cavities and in the middle 

of the human body: • 

Electric • Magnetic • 

Thermal • Mechanical • 

Acoustic 

Radiation of the 

human body: • 

Acoustic • Thermal 

(electromagnetic) • 

Radioactive 

Chemical composition of liquid, gaseous media 

and secretions of the human body 
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is not established and at rest excited cells are charged (polarized) - their inner part 

receives a negative potential relative to the extracellular electrolyte environment. The 

range of values of this resting potential is - (-60… -100) mV.  

 

If a stimulus (electric current, etc.) acts on the membrane of the excited cell - it 

reduces the resting potential to a certain value, the cell generates an action potential - 

changes the initial potential. Due to the action of the stimulus - the membrane 

permeability changes for Na + ions and they move quickly inside the cell (Na + 

concentration in the environment exceeds the concentration inside.) Movement of K 

+ ions does not compensate for this process and the cell potential increases to + 

20mV. The difference between the potentials of polarized and depolarized excited 

cells is the action potential. For the heart muscle cell, the resting potential is 90mV, 

and the action potential is +20 - (- 90) = 110mV. The threshold for generating the 

action potential in these cells is about - 70mV.  
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Potential of cardiac muscle cell action during stimulation 

 
 

After depolarization comes a period of absolute refraction, when the cell does 

not respond to external stimuli. For heart muscle cells, it can reach - 250mC. It is 

followed by a relative refractory period (50 ms), during which the cell can be excited 

a second time, but with a stronger stimulus than the previous one. Periods of absolute 

and relative refraction are the period of time in which repolarization occurs - ie the 

establishment of the resting potential of the cell. Repolarization begins with the 

diffusion of K + ions from the middle of the cell into the external environment. The 

rate of propagation of the action potential in the heart muscle is - (0.2 - 0.4) m / s. For 

the potentials of the brain - electroencephalogram, heart - electrocardiogram, skeletal 

muscle - electromyogram, retinal muscle - electroretinogram, gastric muscle - 

electrogastogram. The bioelectrical activity of various organs is also accompanied by 

the generation of magnetic fields. The magnetic field strength of the heart is 8 ∙ 10-

5A / m (Earth's magnetic field strength is 80A / m). Biomechanical phenomena 

related to the functioning of the heart cause the vibration of the chest and are 

transmitted to the surface of the human body. Registration of these vibrations - 

cardiography - records and analyzes the shocks of the apex of the heart - records the 

movement of the surface of the body in the area of the beating of the apex of the 
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heart. Due to the mechanical properties of the body's soft tissues, force-to-electrical 

converters are used. The heartbeat is also accompanied by sounds - heart tones. In 

disorders of the structure and function of the heart, in addition to tones, there are 

noises. Methods of diagnosis based on the analysis of tones and noises of the heart - 

phonocardiography (acceleration of the surface of the human chest - 1m / s2). From 

ancient times in medical diagnostics - the study of pulse fluctuations in blood 

pressure with your fingers in places where the arteries are close to the surface of the 

human body - this methodology of instrumental diagnosis - sphygmography. The 

shape of sphygmograms practically repeats the shape of pulse oscillations of blood 

pressure in human arteries. In cardiography and sphygmography, force-to-electrical 

converters are used. Gas exchange in any biological process is called respiration. To 

ensure vital activity, the human body must receive oxygen, which together with 

carbon, hydrogen and other elements found with food, give energy to do the job. The 

respiratory system participates in the metabolic processes excreted from the body - 

carbon dioxide and partly water. To diagnose the functional state of the human 

respiratory system - control - respiratory rate, noise parameters that accompany the 

respiratory process (wheezing, friction noise of the pleura, pericardium). A well-

known physiological indicator that characterizes the general condition of the human 

body is body temperature. In addition to the considered biophysical signals that are 

recorded on the surface and in the cavities of the human body, there is also radiation 

from the body. 

 

Scale and types of fields and radiation of the human body 
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The main sources of the human acoustic field are the processes that take place 

in the CCC, digestive organs, respiration, in the joints of the system of support and 

movement, etc.    

Bioacoustic signals can be recorded at some distance from the human body, but 

mostly on the surface of the body - phonocardiography. Thermal (electromagnetic) 

radiation of the human body begins with frequencies of the order - (10
9
… 10

10
) Hz. 

At a body temperature of about 37 °C, the maximum of this radiation - at a frequency 

of about 3 ∙ 10
13

 Hz - falls on the invisible IR part of the spectrum. The power of 

thermal radiation of the body is about - 40 mW / cm
2
. To diagnose it is used in 

thermal vision. In the visible part of the optical range, there is an extremely weak 

metabolic glow associated with the oxidation of fats in the human body. This glow is 

universal and inherent in all animal and plant tissues. Its spectrum is (360 - 800) nm. 

In the UV part of the spectrum of body radiation is due to the conversion of proteins, 

carbohydrates and polypeptides. The spectrum of radiation is (190-340) nm, and the 

power is 10… 700 photons from 1 cm
2
 of area in 1 s. The body also produces its own 

corpuscular radiation, associated with the presence of the isotope (_
40

19) K, the 

amount of which is 0.012% of the total potassium content in the body. The half-life 

of this isotope is 1.2 ∙ 109 years. The power of corpuscular radiation of the human 

body is about 29 β-particles and 3.8 γ-quanta per second. Unlike heat, the use of other 

natural radiation of the human body is not widespread in medical diagnosis. Methods 

using external acoustic, electromagnetic and radioactive radiation have become 

widespread. This is the field of medical introscopy - the study of optically opaque 

environments. Acoustic (ultrasonic) and X-ray radiation make it possible to obtain 

images of the structure, movement of structural elements of the internal environment 

of the human body, and other physiological information. Visualization of the 

distribution of the number of atoms that are artificially introduced into the body - 

have gamma radiation, which is used to diagnose tumors. A significant place in 

medical diagnostics is occupied by studies of liquid and gaseous media of the human 

body, as well as its secretions. 

3. Multifunctional electrophysiological complex for the first stage of 

rehabilitation 

 

At the first stage of rehabilitation it is necessary to conduct comprehensive 

medical and biological studies, which can be used to assess the work of individual 
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physiological systems and the human body as a whole. The peculiarities of these 

studies are related to the simultaneous processing of various physiological indicators 

of the body.  

These are the following physiological parameters: 

1. Central hemodynamics (CGD). 

2. Electrocardiograms (ECG). 

3. Electroencephalograms (EEG). 

4. Temperature. 

5. Pressure. 

6. Features of respiratory systems. 

 Traditional diagnostic equipment allows the study of individual biophysical 

characteristics of a human and does not allow to obtain a thorough analysis of the 

functioning of the organism as a whole. Such studies should be performed at the first 

stage of rehabilitation to assess the appearance of dysfunctional signs of the body. At 

this stage, a comprehensive assessment of human health. 

Modern equipment for the study of the human body as a whole uses the 

following areas: 

1. Comprehensive assessment (diagnosis) of the human body by biophysical 

signals (traditional, standard) 

2. Computer diagnostics of the whole organism with the help of indirect 

research methods (Fol's method measures the characteristics of biologically active 

points of dietary supplements) 

3. The use of laser methods to scan human biophysical states.  

3.1.  Features of the multifunctional electrophysiological complex 

 This complex allows to conduct medical and biological research in the 

conditions of special medical institutions (for example, hospitals, polyclinics, 

sanatoriums), and also directly at workplaces of people, operators of power systems, 

dispatching service for the airports. 

The following indicators are monitored with the help of complexes: blood 

pressure, electrocardiogram (12 leads), electroencephalogram (16 leads), visual and 

auditory potentials, temperature, respiratory rate, rheogram, shock and wave volume 

of blood.  

Technical characteristics of the multifunctional complex:  

1.        The number of channels for entering information - 8. 

2.        ADC bit rate – 8. 
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3.  Data bit rate – 8. 

4.  The amount of RAM is 64 kb. 

5.  The volume of RAM variable blocks is 64 MB. 

6.  Processing time of one data cycle - no more than 1 s. 

7.  Data measurement time - no more than 3 minutes. 

8. Data registration - video monitor, magneto-optical disk, paper 

media. 

9.  Power consumption - no more than 50W. 

10. Dimensions - 480x380x150 mm. 

11. Weight - not more than 10 kg.  

 Fig.4. Block diagram of a multifunctional complex 

 

In the same time with the objective information taken by the sensors (see the 

block diagram), the indicators of biologically active points of a person can be 

registered for more complete objective information. In addition, it is necessary to add 

subjective information about the person (complaints about health, eating habits, bad 

habits, etc.). After continuous processing of all data, an algorithm for managing 
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metabolic disorders is formed to reduce the likelihood of "growth" of diseases into 

the clinical stage, which is a feature of the first stage of rehabilitation.  

 

3.2. Features of the characteristics of the block of primary (preliminary) 

information processing 

 

The main task for any medical equipment is high-quality processing of medical 

and biological signals, so the reliability and accuracy of automatic information 

processing is very important - filtering or extracting useful signals, calculating their 

shape, filtering noise, etc. Many factors of different nature are absorbed into this 

processing process.  

Factors influencing the process of isolation and identification of elements of 

medical and biological signals:  

I. Biological object factor  

1. The shape of the elements and the structure of the elements that are 

related to the individual characteristics of the bioobject (state, place 

of removal of information, methods of attachment, etc.). 

2. Signals of "information" parameters, which are the interaction of 

useful physiological signals of different origins, which also affect the 

useful signal that is recorded (the influence of respiratory signals, 

changes in temperature, heart rate, etc.). 

3. Obstacles from the movements of the object - changes the 

conditions of contact of the sensor with the human body, changes the 

constant component of the signal and its scope.  

II. Factors of external influence 

1. In-phase interference from the 50 Hz industrial network, which 

affects the object and the communication line. 

2. Fluctuation noise - external industrial noise, which is induced on 

the input circuit of the amplifier, vibration noise, noise, etc. 

3. Impulse interference - due to the on and off of equipment from the 

power grid, the appearance of different discharges of capacitors.  

III. Hardware factors  

1. Internal equipment noise and zero drift. 

2. Distortion of signals by amplifying paths of the equipment.  
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For any biological signal processing device (traditional radio), pre-filtering 

must be performed before processing and amplifying the signals. And only then 

amplify and convert signals. 

For a more extended functional state of the complex it is necessary to register 

the characteristics of BAT (their diagnosis), and then based on the results of a 

comprehensive examination to adjust the human immune system by acting on BAT 

or the body as a whole.  

4. Device for preliminary analysis of the parameters of biologically active 

points of a person - "α-03"  

 

This device α-03 (Fig. 5) allows you to simultaneously measure five channels 

(one unit of measurement of BAT). The following characteristics: resistance or 

conductivity of the point δ, differential biopotential υ_d, modulus of biopotential | υ |, 

capacity of the point C, automatic search of BAT with sound and optical indication. 

The input switch provides connection of measuring blocks to object of control, allows 

to register at the same time parameters of electric signals which change system of 

usual electrodes. 

The analysis and conversion device provides a choice of the mode of operation 

of the device as a whole and pre-processing of information signals. All human 

parameters are recorded by the device for registration - the recording takes place on 

five channels in analog form and the information in digital form is sent to the buffer 

of the device. 
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Fig.5. Functional diagram of the complex «α-03» 
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The visual control device allows you to monitor the progress of measurements 

on the screen of the cathode ray tube in real time (set by the scan parameters). 

The stimulus pulse generator allows to conduct electrical stimulation of BAT 

signals of different shapes (the shape of stimulation pulses varies smoothly from 

rectangular to sinusoidal inclusive with a sawtooth shape) and frequency (from 

0.05 Hz to 50 kHz with frequency filling from 20 Hz to 2 MHz) within each subband 

there is a possibility of smooth frequency adjustment. 

During the measurement of BAT parameters simultaneously with the help of a 

microprocessor occurs: 

1. statistical processing of measurement results (to exclude statistical and 

random measurement errors); 

2. control of human biopotential with the help of special additional electrodes 

(flat, needle, strip with an area of 0.3-30 cm
2
). 

Features of devices for measuring human biopotentials. 

The input device or switch allows you to connect any system of leads to the 

amplifiers (consists of resistors that artificially form a point of combination of 

potentials and a system of special input filters). 

Signal amplifiers provide the necessary signal amplification without distortion. 

The gain is a minimum of 10,000 Hz for the ECG and a maximum of 200,000 Hz for 

the EEG and have 5-6 stages of amplification. 

Frequency bandwidth from 0 to 0.01 Hz for electrogastrogram and maximum 

frequency of 10000 Hz for ECG and EEG. 

When measuring potentials to reduce parasitic noise and error, be sure to 

degrease the skin and use special conductive pastes. The resistance for conventional 

electrodes is 30-50 kО, for needle units MО, so the input resistance of the amplifier 

must be very large so as not to bypass the electrode system 500 kО-10 MО.  
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 Fig.6. Block diagram of the unit for measuring or recording human biopotentials  

K / d - calibrated source in V to normalize the amplitude of the biopotential; 

R -is a resistance measuring device (between electrode resistance) for any pair 

of electrodes; 

P - amplifier; 

A - analyzers of frequency spectra of signals; 

P - signal recorders of individual channels; 

GSI - a generator of stimulating pulses, which generates signals of electrical, 

acoustic and photostimulation. 

The amplifier circuit has two inputs for adding useful signals of biopotentials 

(they are fed to the input of the amplifier in opposite phases and these inputs are used 

to significantly reduce the in-phase interference that is fed to the input in phase. 

The stimulus generator is used: 

1. to control the backlash when exposed to biotissue electro or other stimulant. 

2. informational impact on biotissue to obtain metabolic changes at the cellular 

level, which can significantly improve the immune and functional state of a human 

and prevent the onset of the disease. 
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5. Features of biomedical sensory systems for cardiac research  

 

The purpose of all therapeutic and diagnostic measures in cardiac diseases is to 

study the condition, prognosis and treatment of its results, development of treatment 

algorithms. To study cardiac diseases use the results of cardiac monitoring in the 

form of:  

1. Characteristic curves of the heart (ECG, blood pressure, circulatory rate); 

2. Imaging of CCC elements (film cardiography, computed tomography, ultrasound 

cardiography, radioisotope angiography (vessels));  

Computer technology simplifies and improves the quality of cardiac signal 

processing; high quality pathology images in 3D. 

5.1. Physical processes of electric potentials in the heart 

 

Electrocardiography (ECG) - (Greek. Cardio - heart, graph - write) - a method 

of recording electrical signals that occur during its contraction. . The first human 

ECG was recorded by Waller (1887). Einthoven made the most accurate first ECG 

from the surface of the human body (1903). At registration of an ECG it is necessary 

to consider features of structure of heart. 

There are 3 membranes of the heart: • Internal (endocardium). • Middle 

muscle (myocardium). • External connective tissue (epicardium). The heart is 

surrounded on the outside by an elastic pericardial bag, which protects the heart from 

stretching when filled with blood. 

Between the heart and the bag is a fluid whose function is to reduce friction 

during contraction. Heart weight - 250-360 grams. The heart muscles have 

physiological properties: excitability, conductivity, ability to contract, automatism.       

According to modern science (biophysiology), cells of excited myocardial tissues 

have a semi-permeable membrane that is "transparent" to potassium ions and 
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"opaque" to anions. Positively charged potassium ions are mostly in the cell, 

compared to the environment. They are held on the outer surface of the membrane by 

negatively charged anions (they are located on the inner surface of the membrane, 

which for them is "opaque"). A double electric layer is formed on the shell of a living 

cell (the shell is polarized, has a positive charge, the internal environment is a 

negative charge). This transverse potential difference is the resting potential. 

1 - state of rest; 2 - during excitation the membrane loses translucency. The surface 

has a charge. A dipole (potential difference - action potential) appears on the surface 

between the part of the depolarized and polarized membrane. If there is an action of 

the action potential, an action current occurs. When the 

excitation covers all the muscle fibers, the whole surface 

becomes electrically negative. The membrane is depolarized - 

3. After excitation, a wave of repolarization occurs and the 

resting potential of the muscle fiber is restored - 4. Einthoven 

recorded the current that occurs between two points of the 

human body. Modern ECGs record the EMF voltage of the 

heart at the level of 1… 2 mV. 

 

 

 

 

Fig. 5.1 - Charge formation on myocardial cells 

 

 The muscle fiber of the heart (myocardium) is a bipolar generator that 

forms the elementary EMF of the heart (electric dipole). At each moment of systole 

(heart contraction) there is a simultaneous depolarization and repolarization of many 

myocardial cells located in different parts of the heart. Vector assembly of elementary 
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dipoles takes place and the corresponding value of total EMF of heart at each 

moment of systole is formed. The total dipole of the heart during the cardiac cycle 

changes its meaning and direction, but does not change the location of its center. The 

potential at different points on the surface of the body has different values depending 

on the location of the total dipole. The sign of the potential depends on which side of 

the line perpendicular to the axis of the dipole, and drawn through its center, is any 

point - a positive or negative sign.  

Most of the time the heart is excited, the surface of the right half of the torso of 

the right hand, the neck has a negative potential. The surface of the left torso, both 

legs and the left arm have positive 

potential. Vector analysis of the EMF 

of the heart is to determine the teeth, 

ECG complexes of the spatial 

direction, the value of the total EMF of 

the heart at any time of its excitation At 

standard removal of an ECG (standard 

assignment), electrodes impose on 

three points of a body surface 

(Einthoven's triangular): • Right hand 

(forearm), aUR (UP); • Left hand 

(forearm), Aul (yL); • Left foot, aUF 

(uN). Potential difference: PR - LR - I 

assignment, LN - PR - II assignment; LN - LR - III assignment.  

Fig. 5.2 - Vector analysis of the heart 

5.2.  Compliance of cardiac excitation processes with ECG elements 

 

The process of excitation in the normal human heart (depolarization) is as 

follows: pulses occur cyclically in rhythm drivers - sinus (sinoatrial) node - located in 

the right atrium of the heart. The excitation wave (from the node) propagates at a 

speed of 800… 1000 mm / s, radially, on the muscle bundles first of the right and 

then of the left atrium. Duration of coverage of excitation of two auricles: 0, 08… 

0,11 s (general). The first 0.02 - 0.03 s excites the right atrium and 0.04… 0.06 - both 

atria, the last 0.02… 0.03 s excites only the left atrium. There is a reduction. The 
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ventricles fill with blood. Upon reaching the atrioventricular node, the propagation of 

excitation slows down - this is necessary for complete completion of mechanical 

atrial systole. Then, with a large and constantly increasing speed (V = 1400-4000 mm 

/ c), the excitations propagate through the His beam, its legs and Purkinje fibers. 

Excitation reaches the ventricular myocardium. After depolarization of ventricular 

cells, they shrink and blood is directed to the small and large circulation. After 

contraction of the ventricles, there is a period of recovery (repolarization), in which 

the whole period occurs until the heart reaches its initial state. At this point in time, 

the cardiac cycle ends and the sinoatrial node again generates a new excitation pulse 

and a new cycle begins. During ECG recording, pathological heart rhythm 

(arrhythmias), pathologically slow rhythm (sinus bradycardia), pathologically 

accelerated rhythm (tachycardia) can be diagnosed. Features of blood circulation, 

characteristics of small and large circles of blood circulation. 

 

Fig. 5.3 - Features of blood circulation, characteristics of small and large 

circles of blood circulation 
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5.3. Characteristics and features of the human circulatory system 

 

     Blood moves continuously through human blood vessels, although the heart 

pushes blood into the artery periodically, and the amount of blood that is pushed into 

the aorta during systole stretches the walls of the aorta. They have elasticity, 

resilience, shrink during diastole and provide continuous blood flow. 

 

Blood content as a percentage of the total amount in different parts of the 

vascular bed 

  

 

Distribution of blood velocity and pressure. Vessel cross-sectional areas for CCC 
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Fig. 5.4 - Correspondence of ECG elements to the processes in the CCC 

 

P - depolarization of the atria (contractions) due to electrical impulses; PR - 

excitation of the atrioventricular node; QRS - ventricular depolarization, the process 

of proliferation and attenuation of ventricular myocardial excitation. At the same time 

there is a repolarization of the atria (but the ECG is not determined); T - 

repolarization of the ventricles; Q – is the initial vector of interventricular septal 

depolarization; S - the process of propagation of the excitation wave in the basal parts 

of the interventricular septum; QT - electrical systole of the ventricles, the period of 

excitation of all parts of the ventricles. 
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5.4.  Parameters of a normal human ECG Features of electrode designs 

 

On average, the ECG recording speed (paper tape speed) is 50 mm / s, 1 mm = 

0.1 мV. When the amplitude of the R wave decreases, cardiosclerosis is diagnosed, 

and myocarditis is diagnosed with organic changes in the myocardium of the heart. 

If the amplitude of the Q wave is exceeded by ¼ relative to the R tooth - the 

presence of myocardial infarction.  

Diseases diagnosed by ECG tests: 1. An assessment of the regularity of heart 

rate (heart rate is calculated). With the right rhythm: Heart rate = 60 / P-R per 

second should not differ from the norm (60-90 beats / min.) If the heart rate> 90 

beats / min. diagnose tachycardia if heart rate <60 beats / min. - bradycardia. If a 

person has intermittent, arrhythmic sequences of excitation and contraction - 

diagnose arrhythmia, sinus arrhythmia, extrasystole. 2. Research of characteristics of 

excitation sources. Assessment of disorders in the leading function of the heart. 

Defects of damage of a cardiac muscle after chronic or acute diseases come to light. 

3. Increased P-R interval (leading function of the heart) indicates the occurrence of 

delayed excitation in the atrioventricular node - first-degree blockade. A slower 

rhythm of ventricular contraction indicates that some impulses do not reach the 

ventricles - the presence of second-degree blockade. If none of the impulses reach the 
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ventricles - this is a complete blockade of the third degree - and the atria and 

ventricles contract independently of each other. Then you need to use pacemakers. 

When removing the ECG from the surface of the human body, you need at 

least two electrodes, which are of two types: Polarized electrodes - have 

characteristics similar to a capacitor, when passing a direct current, the voltage drop 

is constantly increasing. Unpolarized electrodes - have characteristics similar to a 

resistor, when passing a direct current there is a constant value of voltage drop. In 

practice, electrodes with mixed characteristics are used. 

With the help of electrolyte or special paste, a 

double electric layer is formed on the surface of the 

electrode, it provides a constant value of voltage 

drop. During mechanical movements of the person 

this layer is broken and there is an error of 

registration. Special recesses are made on the surface of the electrode to stabilize the 

double electrolytic layer. At registration of an ECG it is necessary to decipher the 

total equivalent vector of EMF of heart. To do this, straighten the vector of the 

cardiogram - obtaining three ECGs that reflect changes in the electrical activity of 

the heart in three mutually perpendicular planes. In this case, two of these ECGs are 

sent to the oscilloscope screen, where a common spatial vector diagram is formed.  
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5.5. Frank's lead system during ECG recording Scheme of compensation of 

inhomogeneous resistances of points on the human surface 

 

On the human body, when taking an ECG, there is a discrepancy in surface 

resistance. Therefore, for reliable ECG removal, compensate for the discrepancy with 

additional resistor circuits. 

 

 

 

 

Ророорооо 

 

 

 

6. Methods of registration and processing of ECG signals Analog signal 

processing methods 

 

6.1. Block diagram of a standard electrocardiograph 

 

6.2.  

 

 

 

 

Before processing ECG signals (any electrical signals), before amplification, 

signal filtering is required. It (filtering) is mandatory because the electrodes have a 
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constant voltage of up to 300 mV (voltage can overload the input circuits of the 

amplifier). Therefore, the filtration is performed at the level of 0.05 Hz. In addition, 

there are pulse signals above 100 Hz, which are associated with human muscle 

activity. Range - 30… 2000 Hz. This filtering allows you to ensure the maximum 

operating signal-to-noise ratio. Use a dynamic standard range of 0.05 Hz = <frob. = 

<100 Hz. If this range is not met - the lower frequencies are increased, and the upper 

- underestimated (there are distortions when recording ECG signals), the recording 

speed is 125 mm / s. 

 

6.2.  Schematic diagram of the differential amplifier of ECG signals 

 

 

 

 

 

Amplifier input circuits are formed on operational amplifiers 1 and 2, which 

provide high input resistance to the entire amplifier. A 100 kО resistor (variable) is 

needed to compensate for input imbalance imbalances. A 1 μF capacitor is used for 

RF filtering. Discharges at different positions of the key S1 and the output load. A 10 

nF capacitor and a 150 kО resistor are used in the LF filter circuits. In amplifiers and 

other electronic devices that are directly connected to the patient, a current of no 

more than 10 μA must be provided in any extreme case by means of protection 

circuits. The gain of these stages: intermediate - 20… 25, output - 30… 35. 
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6.3. Interference with the registration of ECG signals 

 

Sources of interference with ECG recording and recording: 1. Electrical 

network with f = 50 Hz - power lines located in all elements of the room; 

communication cables between units that generate electric and magnetic fields. 

Electric fields are formed even if the wires are unloaded but energized. To reduce 

interference from the electric field, use differential amplifiers at the input of the ECG 

meter, which significantly weaken the in-phase interference (voltage that occurs in 

the same phase at both inputs of the amplifier). To reduce in-phase interference use 

high input impedance of the amplifier, special systems to reduce the in-phase signal, 

additional shielding of the electrodes. 

 

 

2. Mains interference - an electromagnetic field, changes in which induce 

current in the circuits arising from the connecting cords. The current given in these 

circuits is proportional to the magnetic field strength and the area of the circuit. To 

reduce it you need: • Change the location of devices (which is impossible); • Twist 

the wires to reduce the contour area. 3. In addition to interference from the 

network, possible interference from powerful radio devices, televisions, radars, 

diathermic equipment. Reduction of interference is possible by shunting the inputs 

of the electrocardiograph with small capacitors (capacitors) that have high resistance 
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at low frequencies - do not interfere with ECG signals and low resistance at high 

frequencies - bypass the RF radio signal. 4. Accidental contraction of human 

muscles during ECG removal (electromyographic signals) leads to disruption of the 

electrolytic double layer, deterioration of skin contact. There is a drift of potential. It 

is possible to reduce these factors if: • Minimize muscle contractions - place 

electrodes as far as possible on the hands and feet (distal location); • Use unpolarized 

electrodes and stabilize the electrode-electrolyte interface; • Disconnect the DC 

connection due to the capacitive connection (inclusion) of the electrodes with the 

amplifier circuits; • Treat the skin with abrasive materials; • Distortion of ECG 

signals due to time overload and saturation of the amplifier, which leads to loss of 

useful information. Modern ECG recorders use special devices that are manually or 

automatically turned on and provide a quick discharge of capacitors in the filter 

circuits. 

7. Modern digital methods of ECG signal processing Automatic methods for 

determining heart rate 

 

With digital methods of ECG signal processing, ECG is discredited (f = 250-

500 Hz), digital filtering and recognition of characteristic peaks or complexes, real 

artifacts, not artificial ones. After processing the ECG signals (for example, for 

Holter monitoring), the whole data set is processed (per day), the average values of 

the main indicators are calculated and recommendations for the anamnesis or 

diagnosis of the patient are printed.  

1. In practice, heart rate is calculated using the pulse on the carpal tunnel artery 

for 1 minute.  

2. Heart rate is also determined by ECG in the calculation of QRS-complexes 

(acute spike). If we do spectral analysis of acute adhesion, most of the fundamental 

frequencies of this complex will be in the range of 16 Hz.  
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When calculating the heart rate, the QRS complex is isolated, RT teeth, LF 

and RF interferences are excluded, and isoline displacements are separated. 

 

7.1. Averaging cardiotachometer 

 

The principle of operation of the averaging cardiotachometer is that it 

automatically determines the heart rate, counting the number of complexes for a 

certain period of time. Block diagram of the averaging cardiotachometer: The ECG 

signal in front of the averaging cardiotachometer is sent to a bandpass filter with an 

operating frequency of 16 Hz to allocate filtering QRS-complexes. 

 

 

 

 

 

 

 

Fig. 7.1 Block diagram of the averaging cardiotachometer 

 

The ECG signal after the filter, which is set to f = 16 Hz (QRS - complex), is 

sent to the threshold device and after increasing the signal above the threshold, turns 

on the pulse generator - pulses of constant width (constant duration). This duration is 

slightly longer than the duration of the QRS complex and corresponds to 

approximately one QRS complex. The ECG signal is converted into a sequence of 

rectangular pulses with a period of T = 1 / heart rate.  

Bandpass filter Δf, 

f0=16 Гц 

Threshold device + 

pulse generator 
Woofer filter Heart rate indicator (analog 

and digital) 

Automatic dispenser Alarm unit (light and sound) 
Heart rate monitor (min = 

60, max = 90) 

ECG signal 
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This sequence passes through the woofer - 

the filter, its average frequency is allocated and 

to compensate (reduce) the emissions of 

individual signals, the time constant of the filter 

should be 5… 15 seconds. This corresponds to 

the duration of several heartbeats. At the same 

time there is an automatic control of the heart 

rate value (min, max). If necessary, the alarm unit includes a light (sound) indication, 

turns on the automatic dispenser of drugs for urgent intervention in the patient's 

condition.   

 

7.2.  Intervalmeter 

 

Measures the time between two heartbeats (or its inverse value) - the instantaneous 

value of heart rate. 

 

The ECG signal after the bandpass filter is sent to the threshold device, which 

starts the waiting multivibrator 1, the trailing edge of the same pulse starts 2 

waiting multivibrator. 
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With the help of these signals, the number of clock pulses from the 1kHz generator 

is stored in register 2. They are sent to the register for the time between two QRS 

complexes. The number of pulses between two heart contractions is inversely 

proportional to heart rate. At the output of the DAC with variable resistance, the 

current is inversely proportional to the variable resistance, is directly proportional to 

the heart rate.  

 

After determining this current (heart rate), this signal is converted into voltage and 

heart rate is recorded in analog-digital form, sent to the heart rate control unit. If 

necessary, the alarm device and automatic dispenser are activated). Intervalmeters 

respond instantly (very quickly) to changes in a person's heart rate (compared to an 

average cardiotachometer), which is important for heart rate control in intensive care. 

 

7.3.  ECG electrode contact quality control scheme 

 

Fig.7.2 Block diagram of a heart rate monitor to determine increased resistance or 

poor electrode contact 
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The signal from the current source (50 kHz) has a level of several mA and is 

sent to electrodes 1 and 2. This current is harmless to the patient, because the 

sensitivity of the biotissue to the maximum at f = 50 Hz. If the contact for the 

electrode is bad (or missing), the voltage at the current source increases sharply. This 

signal, which increased sharply after the bandpass filter set to f = 50 kHz, is sent to 

a threshold device that triggers and generates an alarm (light or sound stimulus). 

Informative ECG signal through the woofer filter is sent to the ECG amplifier and 

recorder. There are special devices for recording ECG signals, which are equipped 

with elements of the memory of ECG signals - special systems on magnetic tape or 

memory implemented using a digital register. They record the signal 15 seconds 

before the alarm in automatic mode. 

 

7.4. Features of registration of a signal of an ECG of a fruit  

 

The main problem with the registration of the fetal ECG is that the maternal ECG is 

added to the fetal ECG and thus both 

signals are recorded simultaneously. 

 

 

Fig.7.3 Block diagram for fetal ECG isolation 



45 
 
 

 

 

 

7.5.  Modern recording and ECG imaging devices 

 

1. Recorder or (paper recorder) - ordinary recorders, sometimes with high ink 

pressure; thermal printing; photo paper; thermal paper.  

2. Displays (CRT tubes) of attenuated type (part of the signal disappears), non-

extinguishing type (use electronic memory in analog and digital forms to memorize 

and reproduce the full ECG signal).  

In order for the image not to disappear, the scan frequency was in the range of 

256… 512 times / second. Use modern screens with a scan of 1024 signal values. 

Playback speed - 25… 50 mm / second. Alarm signals are used for alarms, which 

should not coincide with the usual signals, and light-indicator signals, which should 

be easily different for each patient. There is a need to transmit the ECG to a distance:  

1. With the help of radio signals (radio range, cellular communication, 

bluetooth, wi-fi, special channels) - short-distance transmission - display, ECG 

control over long distances.  

2. Transmission of ECG signals by telephone, wired. There is a sequential or 

parallel process of information transfer; with the help of modern Internet systems and 

getting advice from well-known experts. 

8. Basic concepts of measuring transducers. Structure and classification of 

converters 

 

One of the basic concepts of measuring technology is a physical phenomenon. 

A physical phenomenon is a property that is qualitatively common, but quantitatively 

different for many objects (their condition, the processes that take place in them) 

(body temperature, human heart rate, air pressure). Quantitative assessment of a 

physical quantity is called its value. At the heart of modern technology are the 
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transformation of physical quantities - the reflection of the size of one physical 

quantity by the size of another physical quantity or change of scale. The physical 

effect that underlies the transformation is called the principle of transformation. A 

large group of transformations are measuring transformations. Unlike electric 

(generators, power transformers) the main requirement for measuring transformations 

is the accuracy of information transmission. Devices that implement measuring 

transformations are called measuring transducers. Functionally, the measuring means 

include a sequence of transformations of the input signal or input physical quantity. 

When designing measuring devices, individual signal transducers can be combined in 

one structural unit, which is set metrological parameters. In a separate node there are 

converters that perform the conversion of non-electrical quantities into electrical 

ones. The above definition of the transducer is correct for such a set of individual 

transducers. Therefore, in general, the measuring transducer may contain a set of 

transformations of the input signal. Thus, in sphygmography (the method of 

recording zero oscillations of the artery wall from the surface of the human body) use 

a measuring transducer, the scheme of which is shown in the figure.  

Fig. 8.1 Scheme of sphygmographic 

transducer (registration of the curve of 

movement of the artery wall under the 

action of pulse fluctuations in blood 

pressure).  

1 - elastic membrane; 2 - sealed 

cavity in the sensor housing; 3 - sensitive 

element; F (t) - input signal (force); P (t) - change in air pressure in the cavity; Q (t) 

is the output electrical signal. 

In it, the input signal F (t) is associated with the movement of the artery wall 

under the influence of zero fluctuations in blood pressure, is converted into changes 
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in air pressure P (t) in a sealed cavity 2, which, in turn, converts the sensitive element 

3 into an electrical signal Q (t). In this example, the converter uses two measuring 

transformations of the input signal F (t): F (t) → P (t) → Q (t) Along with the term 

"measuring transducer" use the name sensor, which is more embodied not 

functional but design features of transducers. Sensor - a set of measuring transducers, 

which is combined in one design and has standardized metrological characteristics. 

State Standard of Ukraine 2681-94 "Metrology. Terms and definitions "is 

synonymous with" primary measuring transducer "- the term" sensor ". 

 

8.1.  Block diagram of the converter. The elements shown by the dotted lines 

are missing in the generator converters 

 

Depending on the input and output values of the converters are divided into 4 

types: 1) Converters of electrical quantities into electrical quantities (scale 

amplifiers, dividers, converters of the carrier process - modulators, demodulators) 2) 

Converters of electric quantities into non-electric quantities (loudspeakers, 

electromagnets) 3) Converters of non-electric quantities into non-electric quantities 

(scale - levers, acoustic transformers, converters of the carrier process - membranes, 

springs) 4) Converters of non-electrical quantities into electrical quantities 

(displacement, velocity, acceleration, force, pressure). The latter type of sensors is the 

most numerous, which is due in particular to the advantages of electrical 
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measurement methods: 1) Ease of separation of the place of collection and processing 

of information of the object; 2) Capabilities of storage, accumulation and processing 

of data that ensure full use of measurement results; 3) Possibilities of adaptation to 

different measuring conditions; 4) Advantages of multi-zone and multifunctional 

measurements. The stringing of measuring transformations in the structure of one 

sensor poses certain difficulties in terminology. The designs of the working elements 

of individual measuring transducers are called in different fields of measurement - 

"sensitive element" - perceives the measuring property of the object (input physical 

quantity) and converts it into another physical quantity. The element that forms the 

output electrical signal of the sensor is a "converting element". When developing a 

sensor - great attention to signal selection + sensitivity to input signals of different 

nature. The signal to which the converter is most sensitive is a natural signal, others 

play the role of interference. For example, for an air pressure sensor - a natural input 

signal - air pressure, and vibrations of the structure, ambient temperature, humidity, 

content of aggressive components in the air, etc. - a set of interfering input signals. 

Among the biomedical transducers used in the diagnostic process, the most common 

are sensors of the fourth type, which convert biophysical quantities into electrical 

ones. Converters of this type, depending on the availability of power supply are 

divided into generator and parametric (see figure). The input signal of the generator 

sensors can be in the form of changes in electric charge, voltage, or current, which 

are generated by the input physical quantity (they do not require a power supply) // 

(these are piezoelectric, electronic sensors, etc.). And parametric converters, the 

initial value may be a change in electrical resistance, capacitance or inductance. The 

scheme of such sensors provides a power source. Measuring transducers differ in the 

modulation of the output electrical signal (amplitude, phase) and the form of its 

representation (analog, digital). 
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8.2.  Classification of biomedical transducers 

 

Biomedical transducers are divided into three groups according to the degree of 

intervention in the human body: 1) Sensors that are introduced into the body 

surgically (implanted electrodes for pacing, transducers for direct conversion of 

blood pressure into an electrical signal in different parts of the cardiovascular system 

of the human body, etc.) 2) Transducers used in measurements in body cavities 

(probe for measuring temperature and removing biopotentials in the esophagus, etc.) 

3) Sensors that are placed on the surface or outside the human body (electrodes for 

ECG recording, X-ray transducers for X-ray diagnostics, etc.). 

Fig.8.2 Classification of biomedical transducers 

 

Requirements for biomedical transducers: sensitivity, frequency and 

amplitude properties of the measuring instrument (regardless of the field of 

measurement), as well as the features of their interaction with the living object of 

study. Due to the interaction of technical instruments and living matter, significant 
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and sometimes irreversible changes can be observed not only in the physiological 

parameters of the biological object but also in the characteristics of the transducers in 

contact with it. This is personally acute when introduced into the body - implanted 

elements - a foreign body and try to isolate themselves from them with fibrous tissue. 

Short stay of sensors in the human body can lead to disruption of the internal 

environment in the area (formation of blood clots at the tip of the transducer-catheter 

in direct methods of measuring blood pressure and the impact of this environment on 

the sensor because it contains parasitic ions). To a much lesser extent, the problem of 

interaction exists in methods involving the introduction of transducers into the 

cavities of organisms (mouth, esophagus, rectum, etc.), or their placement on the 

surface or outside the human body. To reduce the negative impact - the system of 

requirements for sensors - toxicological requirements, compatibility requirements for 

living tissues and materials of contact elements of medical equipment, etc. It is 

important to ensure the electrical safety of patients and staff in the diagnostic and 

treatment process. These requirements are most stringent when making sensors inside 

the human body, but also in the safest case of sensors outside the human body - they 

pose the same degree of electrical risk to personnel. The action of electric current 

on the human body has two mechanisms: 1) Heating due to the scattering of 

electrical energy on the support of body tissues; (if the temperature is high - possible 

burns) 2) The passage of electric current through the human body - can cause 

disruption of the processes of origin and transmission of action potentials in the 

nervous system, muscles. The human heart is most sensitive to the action of an 

electric current (a sufficiently large current can cause a complete contraction of the 

heart muscle, after the cessation of such a current the heart is able to resume its 

work). The more severe the impact on the heart and the whole human body, the lower 

the electric current, which causes not complete contraction of the heart muscle, but 

fibrillation of the ventricles of the heart. Fibrillation is the uncoordinated, 
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asynchronous contraction of different parts of the heart muscle. In this mode, the 

heart cannot pump blood, fibrillation does not stop by itself, even when the electric 

current that caused it disappears. To restore normal heart function, it is necessary to 

stimulate an electrical impulse, which causes a complete contraction of the heart 

muscle. Ventricular fibrillation can be caused by other causes, but it is stopped by 

stimulating the complete contraction of the heart muscle. The threshold of human 

sensitivity to electric current, in the case of contact through dry skin, is about 500 μA. 

A current of 10… 20 mA can cause spasm of the arm muscles, which prevents the 

release of contact that is under voltage (non-releasing current). At a current of more 

than 100 mA and the condition of its passage through the chest, ventricular 

fibrillation may occur. Ensuring the requirements of electrical safety, non-toxicity 

and biochemical stability of materials of bioconverters most attention is paid in the 

case of their introduction into the human body. Disturbance of physiological 

parameters of the human body largely depends on the size, weight and shape of the 

sensor. Mechanical compatibility requirement - occurs in many biomedical 

measurements that require mechanical contact of the sensor (electrode) with the 

body. Violation of such contact leads to a specific obstacle - artifacts (large 

deviations of the output signal of the converter, significantly exceeding the value of 

the useful signal). The requirement of mechanical compatibility applies not only to 

sensors, but also to their mounting elements on the human body. These requirements 

apply to the registration of moving object signals. For example, taking a human ECG 

when it is moving, using conventional, rigid electrodes with flexible but non-elastic 

fasteners, changes the local behavior of the skin (compared to the absence of 

electrodes). The natural stretching and contraction of the skin limits the mismatch of 

its mechanical properties and electrodes with the fasteners. The result is irritation and 

redness of the skin in the area of signal withdrawal - that is, significant local 
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disturbance of the object. This problem can be solved by using electrodes in the form 

of a film that is mechanically more in line with human skin. 

Conditions of non-toxicity, stability of materials, conformity of shape and size, 

mechanical compatibility of transducers and living object - are specific aspects of the 

biomedical sensor shell, which should protect structural elements from the 

environment and should not affect the biological environment and measurement of 

physiological parameters. The problem of this class also includes the connection of 

measuring transducers located on the site with secondary electronic equipment. For 

example, measuring the temperature in the rectum of newborns is possible only under 

the conditions of a very flexible cable of the temperature sensor - no irritation of the 

rectum due to the elasticity of the cable. Otherwise, the observation of the 

temperature of newborns for a certain period of time is significantly complicated due 

to the movements of the child and the loss of contact of the thermosensitive part of 

the sensor with body tissues. Its reliability is of great importance in biomedical 

equipment. Maintenance options are in some cases limited and sometimes completely 

excluded (implanted electrodes), while malfunctions of medical equipment can have 

serious consequences. It is these consequences of violations in the operation of 

medical equipment for human health and determine the level of requirements for its 

reliability. Most existing biomedical sensors convert one physical quantity into an 

electrical signal, although synchronous recording of as many physiological 

parameters as possible is required. On the other hand, it is clear that it is impossible 

to fix on the human body as many converters as you want. Therefore, in medical 

instrumentation, special attention is paid to the creation of multifunctional sensors. In 

spite of everything else, biomedical transducers must meet the requirements of the 

appropriate design and not disturb the patient's sense of comfort. The appearance of 

the sensor, as well as the physical conditions of its contact with the tissues of a living 

organism can be quite a strong stimulus and cause a negative reaction of the body, a 
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person feels discomfort. In general, this complicates the measurement or 

determination of physiological parameters, may distort them or even interrupt the 

study. 

9. Metrological characteristics of measuring transducers. 

 

Nomenclature of metrological characteristics. A feature of modern medical 

instrumentation is the increase in requirements for metrological support for the 

development, production and operation of measuring instruments, which include 

measuring transducers. Metrological characteristics are part of the initial data on the 

measuring instrument, which allow: • Assess the technical level and quality of the 

tool; • Determine the result of the transformation or measurement; • Estimate the 

instrumental component of the conversion or measurement error. Metrological 

characteristics are divided into the following types: a) Characteristics designed to 

determine the results of measurements or transformations (without amendments); 

b) Characteristics of errors of the measuring instrument; c) Characteristics of 

sensitivity of measuring instruments to factors influencing the results; d) Dynamic 

characteristics. 

 

9.1.  Characteristics for determining the results of the transformation 

 

Such characteristics of measuring transducers are set in the form of a 

transformation function. The conversion function of the measuring transducer is the 

relationship between the output and input values of the measuring transducer. Typical 

characteristics of measuring instruments designed to determine the results are 

normalized as nominal. The presence of errors determines the ambiguity of the 

conversion function of measuring transducers. In its experimental determination, the 
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results are scattered near the expected characteristic. Repeated measurements give 

results different from the previous ones. The study of the batch of the same type of 

converters also gives ambiguous results, which are within certain limits. Therefore, in 

measuring technology there is the concept of uncertainty band or error band of 

measuring instruments (transformation) of this type, as well as the concept of 

nominal characteristic - which is the middle line of the error band and purpose for 

measuring instruments of this type and is used to determine measurement results 

(transformation). The figure shows an example of real conversion functions Y = Y 

(x) of three sensors and the nominal characteristics of this type of transducers. In 

general, the nominal transformation function can be in the form of formulas, tables, 

graphs. The linear transformation function passing through the origin can be 

represented by a transformation factor in the form of a number. 

 

9.2.  Characteristics of errors of measuring instruments 

 

The quality of measurement results and measuring instruments, which include 

measuring transducers, is usually characterized by measurement errors. The causes 

and types of errors are very diverse, which leads to their complex classification. 

There are more than 30 types of errors. Consider the main ones. Methodical errors 

DSTU 2681-94 "Metrology. Terms and definitions "gives the following deviations 

of this type of error. Methodological error is a component of measurement error 

(transformation), due to the inadequacy of the object and its model adopted in the 

measurement (transformation). This definition somewhat narrows the common notion 

of the origin of methodological errors. For example, in methodical thermal 

measurements it is important to know the temperature of a person's thermal core, 

which is located inside his body. But the introduction of a temperature sensor into the 

human body is associated with a number of problems, so the temperature is measured 
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under the armpit (axillary temperature), 

which is close to the temperature of the 

thermal nucleus. That is, it is determined 

that it is not necessary, but functionally 

imposed by another value, which is easier to 

measure. This approach to measurement is 

one of the sources of methodological errors. 

Other causes of methodological errors may be related to the operator's estimates of 

results, quantization in digital measuring instruments.  

Instrumental errors - measurement errors (transformations) due to the 

properties of the measuring instrument. Instrumental errors are divided into 

measuring instrument errors and errors from interaction with the object. Measurement 

errors are errors that are inherent in this measuring instrument, can be determined 

during testing and entered in his passport. For example, the conversion function 

(conversion factor) of piezoelectric sensors depends on the capacity of the cable that 

connects the transducer to the equipment. In this case, the cause of the possible tool 

error can be considered in the form of conditions to the connection cable. 

Transformation errors from interaction with the object occur due to the influence of 

measuring instruments on the state of the object. This definition of this type of error 

(DSTU 2681-94) in many respects coincides with the definition of methodological 

errors. Absolute, relative and reduced errors. For measuring transducers, the 

absolute input and output errors are divided. 

The absolute error of the input transducer 

is the difference between the values of the 

input value of the transducer, which is 

determined by the value of the output value 

using the conversion function, and the true 
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value of the input value. The absolute error of the output transducer is the difference 

between the true value of the output value of the transducer and the value of the 

output value obtained from the true value of the input value using the conversion 

function. The conversion function is involved in the procedure for determining both 

types of absolute error of transducers, so, in fact, these types of errors are associated 

with the deviation of the actual conversion function of the sensors from the nominal 

one. 

The absolute error at the input represents the difference          at the 

output          і Хн, Yн – values corresponding to the nominal conversion 

function; Хр-Yр – is real. Errors are considered positive if the schedule is real. The 

characteristic is located above the nominal (See figure!). In itself, the absolute error, 

although it characterizes the deviation of the real function from the nominal, does not 

represent the accuracy of the transformation. Therefore, the relative error of the 

transformation    
  

 
 

  

 
 is used. 

This is a clear characteristic of the accuracy of the measuring instrument, but it 

is inconvenient to normalize the specified parameter, because at        ;  

It is defined as the ratio of the absolute error to the value of the operating range 

  
  

  
 

  

  
. 

Хк, Yк – the final values of the range of change of the input value Хк and the 

output  – Yк. 

The main mistakes. The function (coefficient) of conversion of measuring 

transducers depends on the influence of many factors (noise): ambient temperature, 

pressure and humidity, power supply voltage, etc. In the laboratory, these factors can 

be maintained within certain limits. At tests of medical means of measurements 

normal conditions consider: 
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• Ambient temperature (20 + -5) оС; • Atmospheric pressure (101.3 + -4) kPa 

or (760 + -30) mm Hg; • Relative humidity (60 + -15)% at air temperature (20 + -15) 

оС; • Deviation of supply voltage from nominal value within + _ 2% The total 

resulting measurement or conversion error that occurs under normal conditions is 

called the principal error. Additional errors are associated with the use of measuring 

instruments in conditions other than normal. 

Systematic errors. Systematic errors are errors that do not change over time or 

are invariant over time, the functions of some parameters. On the one hand, these 

errors can be identified and almost completely ruled out, and on the other hand, their 

presence is difficult to establish. The only method of establishing the presence of 

systematic errors is to verify the measuring instruments. An example of a systematic 

error that is a function of some parameters over time is the conversion error of strain 

gauges related to ambient temperature. One of the methods of compensating for this 

error is the introduction of an additional thermoresistive element, which is often 

introduced into the diagonal of the bridge power supply. 

Random are errors, the sign and size of which cannot be predicted in advance, 

or which are insufficiently studied. The presence of random errors is easily corrected 

by repeated measurements in the form of some scatter of results. Describe random 

errors by methods of probability theory and mathematical statistics. 

Progressive errors are errors that change slowly over time, the magnitude of 

which cannot be predicted in advance. They are related to the aging of the elements 

of measuring devices. Unlike systematic errors, they can be corrected only at a 

certain point in time, and then begin to grow again. The division of errors into 

systematic, random and progressive is conditional. In practice, these errors coexist. 
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Additive and multiplicative errors. These 

concepts are used to describe the limits of the error 

band of measuring instruments. If the real 

transformation function is greater (less) nominal to a 

constant value of ∆a in the whole range of change of 

the input value, then such an error is called additive 

(obtained by addition) or zero error. When it is 

systematic, it can be eliminated by adjusting the output 

signal in the absence of input. In the case of a random 

nature of the additive error, a band of errors is formed 

and it cannot be corrected. Among the sources of 

systematic additive errors can be noted inaccurate 

setting of the converter signal at the beginning of the operating range, the occurrence 

of thermo-EMF in DC circuits and so on. Accidental additive errors are associated 

with friction in the supports of mechanical components of measuring instruments, the 

occurrence of electrical interference of industrial frequency. Multiplicative errors 

(obtained by multiplication) - occur due to changes in the sensitivity of the 

transformation. In such 

cases, the deviation of the 

real transformation function 

from the nominal one is 

proportional to the initial 

value of the input value. 

Therefore, such errors are 

also called sensitivity errors. When the multiplicative error is random, a band of 

errors is formed (see figure). These errors occur when changing the gain of the 

operational amplifier, the supply voltage of the unbalanced bridge, and so on.  
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Static and dynamic errors. Static - errors that do not depend on the rate of 

change of the measured value. Errors that are absent with a slow change in the 

measured value and increase when the rate of change increases - are called dynamic. 

Dynamic characteristics of measuring instruments are normalized separately. 

Normative documents for measuring instruments provide for the rationing of 

systematic and random components of errors. In cases where random errors at each 

point of the measuring instrument's operating range can be neglected, it is permissible 

to normalize the errors in the form of limits (positive and negative) of the permissible 

error. 

 

9.3.  Characteristics of sensitivity of measuring instruments to factors 

influencing the results 

 

The sensitivity of measuring instruments to the factors influencing the result 

can be characterized by changes in the values of metrological indicators under the 

influence of these factors. In this case, normalize the limits (positive and negative) of 

permissible changes in metrological characteristics. These limits are called the limits 

of the allowable additional error of measuring instruments. In the description of 

metrological characteristics of medical measuring transducers, the conversion errors 

are often not divided into basic and additional, systematic and random, but indicate 

the limits of the allowable total error. For example, the conversion factor of the 

pressure sensor is (2 ± 0.4) ∙ 10 ^ -3 V / PA. 

 

9.4.  Dynamic characteristics. 

 

The physical quantity to be measured can be static (quasi-static) or dynamic. 

This separation of measured values is correct not only for mechanical but also for 
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optical, thermal and other quantities. In static measurements, the main requirement is 

a linear relationship between output and input signals. Measurement of dynamic, ie 

time-varying quantities, requires consideration of the dynamic properties of 

measuring instruments. To describe the dynamic properties of measuring instruments 

are most widely used: 1) a set of amplitude-frequency and phase-frequency 

characteristics; 2) for minimum-phase measuring instruments, ie instruments with 

insignificant phase distortions of the signal - amplitude-frequency characteristic; 3) 

transient characteristics; The method of electromechanical analogies occupies a 

special place in the theory of converters of physical quantities, where the input and 

output parameters are mostly of different nature. 

Electromechanical analogies 

Mechanical quantities Electrical quantities 

1. Force, F(N) Voltage, U (V) 

2. Displacement, Х (m) Charge, Q (CL) 

3. Velocity, v (m/s) Current, І (A) 

4. Mass, m (kg) Inductance, L (Hn) 

5.Appeasement , R (kg/s) 
 

Resistive resistance, R (Ohm) 

6. Rigidity, K (N/m) The value inverse to the electrical 

capacity, 1/С (1/F) 

7. Mechanical resistance of mass, 

X=jωm, Mechanics Ohm, kg/s 

Electrical resistance of inductance, 

XL=jωL, Ohm 

8. Mechanical friction resistance, R, 

[Mechanics Ohm] 

Electrical resistive resistance, R (Ohm)  

9. Mechanical resistance to rigidity, 

Xk=k/jω, Mechanics Ohm 

Electrical resistance of the capacitor, 

Xc=1/ωC, Ohm 

10.  Electrodes for bioelectrical measurements (ECG, EEG, EMG) 

 

Bioelectric potentials on the surface of the human body are related to the action 

potentials of the body's cells that arise due to the movement of ions. Electrodes for 

the removal of biopotentials are converters of ionic potentials into electronic ones (in 

metals the potentials are caused by an excess or lack of electrons. According to the 
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solvation theory of electrode potentials, the transition of metal ions from solution to 

metal and vice versa is possible. Such a charged electrode attracts ions of the opposite 

sign from the solution, a double electric layer resembling a charged capacitor is 

formed near its surface). These phenomena occur at atomic level with the appropriate 

scale of distances. 

Scheme of formation of a double electric layer of a silver electrode in a solution 

of salt Ag. 

The potential of the electrode in such a scheme 

is called the potential of the element (it largely 

depends on the materials used). Despite the constant 

chemical composition, complex electrochemical 

processes of ion exchange take 

place in the double electric layer, which causes potential fluctuations in the sub-

element (noise).  

Technical capabilities make it possible to measure not potentials but potential 

differences. The table shows the values of the electrode potentials measured relative 

to the standard hydrogen electrode (Pt - platinum). This is a wrapped platinum 

electrode in a solution of hydrogen ions. Wrapping the electrode significantly 

increases its surface and forms pores. To such an electrode is fed a stream of 

hydrogen at a pressure of 1 atm. Its potential is assumed to be zero. Between the 

semi-elements - the potential bias voltage. The potential of the element, its noise can 

be reduced by selecting the material and special treatment of the electrode or source 

material. Silver electrodes coated with AgCl (silver chloride) film were found to be 

the most stable with low electrode potential. In a solution of saturated KCl at 25 ° C 

Standard electrode potentials on the elements 

Material Potential , В 

Pb -0,126 

Ag +0,799 
Au +1,7 

Sn -0,14 
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it is - 0.222V (pure Ag - 0.799). Pivele elements made of metals, the surface of 

which is covered with a sparingly soluble compound of this metal - called electrodes 

of the second kind, such as Ag / AgCl. Modern technology of manufacturing Ag / 

AgCl electrodes consists in chlorination of the source material (silver powder), from 

which the working part of the electrode is made by pressing. The model of the double 

electric layer is correct when there is no electric current - it changes the potentials for 

trace elements and noise. There is a polarization of the electrodes, which depends on 

the material of the electrodes, their surface, the composition of the electrolyte and so 

on. 

Based on the polarization potential, the electrodes can be divided into two ideal 

classes: 1) electrodes, the polarization potential of which is zero. This class includes 

electrodes that do not polarize when a direct electric current passes through them. 

They are called reversible electrodes, for example, in some Ag / AgCl approximation. 

2) Electrodes, the polarization potential of which is equal to the applied potential. 

Such electrodes are polarized or irreversible. With respect to direct current, they 

behave like capacitors. For example, platinum electrodes. Polarized electrodes are 

used only when registering variable potentials. The property of low polarization is 

very important for ECG electrodes - this is due to the need for ECG examination 

immediately after the defibrillation procedure (action on the heart by a short electrical 

pulse). Ag / AgCl electrodes are the most suitable for removing bioelectric potentials, 

they have a set of necessary qualities: small and stable electrode potentials, low 

polarization and noise. 

Parameters of serial Ag / AgCl electrodes: 

1. Amplitude of electrocardiographic signal, mV 0,3…5 
2. Displacement voltage (potential difference), mV ≤10 

3.Polarization voltage under the action of direct current (10 ^ -7A), μV ~1,0 

4. Drift voltage drift (potential difference) for 2 hours, μV ≤200 
5. Noise, μV ≤20 

6. Total resistance, kOhm ≤5 
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International guidelines for ECG electrodes include requirements for 

polarization by electric pulse. Under certain standardized conditions, the absolute 

value of the polarization voltage of the electrode pair should not exceed 100 mV 5 s 

after the action of the electric pulse, and the polarization drift - lie within 1 mV / s for 

a further 30 s. The data in the table show that Ag / AgCl electrodes differ 

significantly from others in their resistance to electrical impulse. 

 

The value of the polarization voltage of the electrode pairs under the action of an 

electric pulse 

№ Electrodes Polarization voltage, mV 

Peak value After 5 

seconds 

After 10 

seconds 

1. Brass is covered with silver 210 120 90 

2. Stainless Steel 880 280 160 

3. Ag/AgCl 7 1,6 1,1 

 

When electrodes are applied to the surface of the human body at the electrode-

skin junction, there is some electrical resistance, because the upper layer of skin 

consists largely of dead cells, it contains a certain amount of dirt and fat. Therefore, 

the place of application of the electrodes must be prepared, the layer of dead cells can 

be removed with alcohol or other substance. In addition, a layer of conductive paste 

or other liquid is applied between the electrode and the skin surface - it forms a 

conductive bridge between the ions of the human body and the electrodes and reduces 

the electrical resistance of the transition. There are 19 types of electrodes for 

removing bioelectric potentials. Electrodes in the form of plates, to reduce the 

electrical resistance of the electrode-skin transition, they use gauze pads soaked in 

salt solution. There are electrodes on the suction cups - they all have one thing in 

common and a significant disadvantage - the impact of patient movements on the 
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result. An alternative is the appearance of floating electrodes, or electrodes with a 

column of conductive fluid.  

 

Figure 9. Scheme of the floating electrode 

 

Modern disposable electrodes have a flexible design that allows you to repeat 

the shape of the surface of the human body and does not cause irritation due to 

mechanical inconsistencies. They contain an electrode paste, protected from drying 

by a microporous membrane. In addition, the design of such electrodes contains a 

layer of adhesive, with which they are attached to the human body. The use of these 

electrodes does not require preparation of the surface of human skin and the use of 

individual fasteners on the human body. 

11.  Pressure transducers 

 

One of the important applications of biomedical liquid pressure sensors is the 

measurement of blood pressure in various particles of the human body's CCC. The 

highest value of this pressure Ps is systolic, and the lowest Pd is diastolic. Methods 

of measuring blood pressure are divided into two groups: direct and indirect. Direct 

methods involving the insertion of a needle or catheter into an artery, vein, heart 

cavity are surgical interventions in the human body with corresponding complications 

and possible consequences. But these are methods of direct and continuous 

measurement and monitoring of blood pressure. They use pressure transducers, which 

can be outside the human body (extravascular, ie outside the vascular method) or at 
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the tip of the catheter (intravascular, intravascular method) - sometimes called tip 

transducers. Indirect methods for determining Ps and Pd are the Riva-Rochi-

Korotkov method and oscillometric. Determine the pressure in the arteries of the 

extremities of the human body, methods of time-discrete determination of Ps and Pd. 

These methods use air pressure transducers in the cuff, and the Riva-Rochi-

Korotkov method additionally uses sensors of biophysical quantities associated with 

acoustic phenomena in the perturbed external pressure from the cuff of the artery. 

 

Fig. 11.1. Schematic representation of the extravascular system converting the 

measurement of blood pressure in the human body into an electrical signal. 

1 - blood vessel; 2 - catheter; 3 - collapsible sealed connections; 4 - three-way valve, 

in the shown position the pressure transducer is connected to the catheter; 5 - hole for 

filling the system with saline and its spillage; 6 - pressure transducer. 

 

To measure the catheter through 

the hole 5 is filled with saline and 

injected into the vascular system of the 

human body, it can be directed to the 

heart. The location of the catheter tip is 

monitored by the shape of the pulse oscillations of blood pressure, which depends on 

the CCC of the body, or by X-ray technology on the monitor screen. The residence 

time of the catheter in the patient's body is limited by the process of clot formation 

blood on its surface, which can damage the CCC, or suddenly close the catheter hole 
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and interrupt the measurement process. Filling the catheter with heparin, which 

counteracts the formation of blood clots, increases the residence time of the catheter 

in the human body. The extravascular system for measuring blood pressure in the 

human body provides a catheter that not only affects blood circulation, but also 

largely determines the characteristics of the conversion of blood pressure into an 

electrical signal. Catheters are made of plastic, and due to their length (≥1 m), they 

have insufficient volumetric rigidity. In the first approximation, a simplified model 

with focused parameters can be used to assess the effect of the catheter on the 

transmission of pulse oscillations of blood pressure to the transducer. Based on the 

properties of fluids, in hydrodynamics operate with the fluid pressure difference ∆P 

and volumetric velocity Q equal to the product of the linear velocity of fluid v on the 

cross-sectional area of the hydraulic system element S. Hydrodynamic analog of 

Ohm's law for tube P and fluid flow resistance R: Q = ∆P / R. For laminar flow - R = 

8πηl / S ^ 2 , where L, S - length and cross-sectional area of the tube; η is the 

viscosity of the fluid flowing through the tube. The inertia L of the fluid filling the 

tube can be determined from the following relationship: L = ∆P / (dQ / dt); Q / dt = 

aS (a - acceleration of motion in the fluid) then - L = ∆P / aS . On the other hand, in 

the approximation of a system with concentrated parameters S∆Р = ma; or ∆Р = ma / 

S  m is the mass of liquid filling the tube. We have: L = m / S ^ 2  volumetric 

stiffness of the catheter Kk = ∆P / ∆V, ∆V - change in catheter volume under the 

influence of pressure drop ∆P at its ends . 

Equivalent circuit of the catheter 

and pressure transducer, L, R - elements 

that reflect the inertia and friction in the 

fluid filling the catheter; Kk and Kg are 

the volumetric stiffness of the catheter and 

pressure transducer. 
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Kg - input stiffness of the pressure sensor. In modern pressure sensors Kg >> 

Kk, so the transfer function for the catheter in relative terms is:      
 

         
   

р1,р2 – the value of the pressure at the inlet of the catheter and pressure transducer; 

η=ω/ωk; ω, ωk – current and natural oscillation frequency of the catheter;β –ступінь 

заспокоєння коливань у катетері;   √
  

 
;  

 

 √   
. Substituting R and L 

(values) - we have:      √
   

  
;    

    

 √     
. The wide and short catheters will 

have a larger value of ωk, but for β, which also determines the width of the operating 

frequency range, the opposite is true.  

 

Fig. 11.2. Typical amplitude - frequency characteristics of catheters for 

extracardiovascular method of blood pressure measurement. 

 

Long catheters require models with separate parameters, which also take into 

account the elastic properties of the catheter material. Tensoelectric transducers can 

be used to convert blood pressure transmitted through the fluid that fills the catheter.  
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Fig.11.3. Block diagram of the pressure transducer P series PDP (a), and the 

elastic element with strain gage (b). 

 

On block diagram (fig.11.3): 1 - elastic elements with strain gages 1 '; 2 - 

deformation limiter; 3 - the rod; 4 - corrugated membrane. The external pressure P 

acts on the corrugated membrane 4 and by means of the rod 3 is transmitted to the 

elastic elements of the structure 1, performing the force-deformation transformation. 

The sensors of the PDP series use glass elastic elements 1, on the surface of which 

semiconductor strain gages 1 '(Si) are applied. Deformation limiter 2 protects the 

transducer from overload. Two strain gages 1 'form the main arms of the bridge 

circuit. The problem of frequency characteristics of the catheter is absent in the 

intravascular method of measuring blood pressure. It uses pressure transducers 

mounted on the tip of the catheter.   
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Fig. 11.4 – Schemes of strain-resistant and fiber-optic tip-converters of 

blood pressure. 

 

On schemes (fig 11.4): 1 - catheter; 2 - electrical terminals; 3 - semiconductor 

strain gages; 4 - layers of electrical insulating glue; 5 - electrical contact; 6 - metal 

cylinder; 7 - traffic jam; P - blood pressure; X is the movement of the transducer 

membrane under the action of pressure R.  

In the strain gauge converter (a) semiconductor strain cells 3 are used, which 

are at the same time elastic structural elements. In this regard, they are isolated from 

each other and from the common terminal 2 by a layer of insulating adhesive 4, fixed 

sensitive elements 3 in a metal cylinder 6, in which the second support surface is 

formed. Electrical contact 5 - common to both sensing elements 3, cylinder 6 is 

inserted into the catheter 1 with a closed stopper 7 end. In the modern fiber-optic tip-

converter (b), the external pressure P causes the X-membrane to move. As a result, 

the light flux reflected from the membrane to the photodetector changes. 

 

12.  Converters of biomechanical and bioacoustic quantities 

 

Methods related to the registration of biomechanical and bioacoustic 

manifestations of vital activity of the human body - phonocardiography (registration 

and analysis of sound phenomena in the heart), sphygmography (pulse fluctuations in 
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blood pressure in the arteries), etc. are used to diagnose CCC. Signals are removed 

from the surface of the human body, so these signals are mediated by the anatomical 

features of the biological object. Therefore, these phenomena are more suitable for 

the manifestation of temporal relationships in the functioning of physiological 

systems of the human body. These transformations can be divided into two 

groups: 1. Power transducers. The signal at their output depends linearly on the 

force generated by the object of study at the point of contact, and the point (surface) 

of contact is fixed in space. 2. Converters of movement, or derivatives of movement 

(speed, acceleration). The output signal of such transducers depends linearly on the 

movement, or its derivatives, of the point (surface) of contact with the object of 

study, and the transducer itself does not affect this movement. Sensors - capacitive 

transducers - a moving plate of the capacitor in them the surface of the human body. 

In such parametric sensors, the useful signal at the output is due to the energy of the 

power supply of the converter. Contact sensors of movement to some extent inhibit 

the movement of the point (surface) of contact with the object. In the case of contact 

of the sensor with the grazing bioobject, the mode is an approach associated with 

fixing the transducer on the human body with a belt or an adhesive ring. There are 

two "competitive factors": • ensuring reliable fixation of the sensor on the human 

body. • Easy coupling of the inverter input with the signal registration area. Neglect 

of the first factor - leads to a significant obstacle to mechanical finding (artifacts) 

caused by human movements (often unconscious) during the examination. The 

second factor determines the degree of perturbation of the information signal. Among 

the transducers of biomechanical (sphygmography) and bioacoustic signals 

(phonocardiography) quantities are transducers that use the piezoelectric effect, 

capacitive transformation, the phenomenon of electromagnetic induction. The most 

common piezoelectric sensors are due to their high sensitivity and wide dynamic 

range. 
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Figure 12.1 Structure of a 

piezoelectric transducer that satisfies 

the condition of undistorted 

sphygmogram registration in a wide 

range of Fn values  

The membrane with the pylon 2 

and the piezoelectric element 4, 

forming in the housing 1 a sealed cavity 3, the relief of the supporting surface of the 

sensor 6 contains a radial groove 5. When fixed on the patient's body, the transducer 

is positioned so that the projection of the artery on the surface of the body passes 

along the axis of this groove. The action of the bioobject on the sensor F (t) is 

converted into fluctuations in air pressure in the sealed cavity 3, which, in turn, are 

converted into an electrical signal U (t) by means of a piezoelectric element 4. 

Piezoelectric acceleration sensors (accelerometers) are common in the technique of 

recording bioacoustic quantities (phonocardiography). One of the main requirements 

for phonocardiographic accelerometers is the small value of the mass of the 

transducer - (1… 1.5) g. 

13.  Laser device for studying the characteristics of blood 

 

Among the modern directions of scientific and technical progress in medicine, 

it is necessary to note, first of all, the development of laser technology, the spread of 

research in the far infrared and ultraviolet parts of the spectrum, the development of 

physical electronics, pulse technology, etc. In all the listed directions, the 

effectiveness of research is closely related to the development of high-precision 

measuring tools. Among the various types of modern measuring devices, one of the 

first places belongs to optical-electronic devices. Modern optical devices provide the 
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possibility of carrying out measurements with very high accuracy and reliability of 

parameters of both continuous and fast-moving processes in a wide spectral and 

energy range, as well as in conditions of strong vibrations, large temperature and 

pressure differences. Moreover, modern optical equipment allows to automate the 

analysis and processing of measurement results. Among the main classes of optical-

electronic devices, first of all, it is important to note the devices whose work is based 

on laser radiation. Consider, for example, a laboratory stands for researching the 

parameters of human blood. 

The invention of lasers and their wide implementation in the practice of 

scientific research had a significant impact on the development of new methods of 

diagnosis and therapy. This contributed to the development of laser medicine, which 

refers to a set of research tools and methods that use lasers and the main specific 

properties of laser radiation. 

It is known that the statistical properties of the speckle interferogram, which is 

formed during the illumination of a rough surface with a highly coherent beam, do 

not depend on the detailed characteristics of the surface microrelief. The image of a 

reflecting (penetrating) object represents a complex granular structure that has no 

clear connection with the microscopic properties of the illuminated object. Most 

surfaces that reflect (transmit) laser radiation are extremely rough relative to the 

wavelength. It can be assumed that the main contribution to the scattering of light is 

made by small areas of the surface with centers at points that specularly reflect 

radiation. With an increase in the steepness of the roughness and the size of the 

illuminated area, the number of radiation points increases. The wave reflected from 

such a plane consists of contributions from a large number of small areas of the 

surface, which can be considered independent scattering regions [13]. 

The work of the laboratory stands for researching the parameters of human 

blood is based on the methods of analyzing objective and subjective speckles during 
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the irradiation of blood with a highly coherent beam of light. An objective speckle 

pattern is formed in the entire space in front of the illuminated surface. A subjective 

speckle pattern occurs when a scattering surface is projected onto a screen using an 

optical system. An objective speckle pattern can be registered if you place a 

photographic film in the observation plane and illuminate it with the speckle pattern. 

But if we photograph the same picture with a camera, then we will get a subjective 

picture on the photographic film, since its parameters will already depend on the 

camera lens [14]. 

 

13.1. Method of research of blood characteristics 

 

The mechanism of speckle formation on the example of the image of a point 

source, which is shown in Figure 13.1. A spherical wave propagating from a point 

source transforms into a spherical wave converging to the center    – geometric 

representation of a point source s . 

The structure of the spot, the type of diffraction pattern, depends on the shape of 

the hole formed by the lens frame. Let the hole be round and its diameter 2a, then in 

the image plane    the amplitude is determined by the Fourier transform of the 

circular function. The amplitude at point   is given by the Airy function: 

 

 ( )  
   ( )

 
  

       

  
  

 
  

 

 

where   – angular radius of the first ring,   
     

  
. 
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Figure 13.1 – Point light source 

 

If we shift the observation plane from   
 to the plane    

 with a distance between 

them    (Fig. 13.2), then the waves diffracted by different points of the surface  , 

arrive at point    in phase, and at point     – in antiphase. At the same time, the 

maximum stroke difference at the point    ,            . So, we can write the 

equation: 

    
  

 
  

 

 

 

Figure 13.2 – A point source of light with de focusing 

 

The difference in stroke (2) explains the decrease in image quality. If it is 

necessary that the diffraction picture at the point     is almost indistinguishable from 

that at the point   , then the amount of the stroke   must be much smaller than the 

wavelength  . 
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t is also important to explain the concepts of Fresnel and Fraunhofer speckles, by 

analogy with the corresponding diffractions. Let's consider the diffraction on a round 

hole in the Fresnel zone on the axis of the system (Fig. 13.3). The intensity at point   

– is the result of the interference of waves emitted by all points of the hole  . 

 

 

Figure 13.3 – Fresnel's diffraction problem 

 

The difference in travel at point   for waves emanating from the center   and 

from the extreme point   of the hole  , is illustrated by the formula: 

        
  

  
  

 

where   – is the radius of the hole,   – is the distance     . 

The difference in travel at point   for waves emitted by two arbitrary points of 

hole  , varies from 0 to   (  – is the maximum difference in travel of waves for hole 

 ). If you shift the observation plane by a distance   , and such a shift is small 

enough, the appearance of the interference picture at the new point will not change. 

In order to preserve its stable appearance, it is necessary to observe the condition: 
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Considering the case where there is a screen with a very large number of randomly 

arranged small holes in the hole plane, it can be seen that due to the interference in 

the plane    a speckle structure will be observed. If the plane    is moved to a 

distance, the picture will not change (Fig. 13.4). 

 

 

Figure 13.4 – Similar speckle structures in the presence of a plane 

 

Structural schemes of devices and their descriptions are presented in the review 

of histological equipment [15]. If we move the observation plane further and further 

away, we will pass into the region of Fraunhofer speckles, where the distance 

between the planes    and   
  is infinitely large [16]. 

The structural diagram of the variant of the scanning device is presented in 

Figure 13.5. For ease of operation, reduction of dimensions, and improvement of 

measurement accuracy, the circuit was supplemented with a beam and diaphragm 

control unit (Fig. 13.6). The laser was chosen based on power, wavelength, and 

divergence angle.  

After analyzing the existing lasers, the LH-38 helium-neon laser was chosen, 

which has a power of 50 mW, a wavelength of 0.63 μm and a divergence angle of 0.5 

mrad. 

The beam control scheme was created to reduce the dimensions of the 

installation and for ease of operation. It consists of two mirrors installed at an angle 
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of 45º to the beam. The scheme directs the beam in the opposite direction for more 

rational use of the workplace and adherence to the optical axis. 

The optical scheme can be implemented using a single lens or a system of 

lenses. It is also necessary to take into account the aberrations of the optical system. 

The lens system «anastigmatism» is used to reduce distortions.  

The research object, i.e. human blood, is placed on a stage that moves along the 

X,Y,Z coordinates to provide different results from the same sample. The sample 

should be in the focus of the lens to ensure the smallest diameter of the examined 

zone. 

The diaphragm blocks the central beam so that it does not illuminate the image. 

Its diameter is equal to the beam diameter. The aperture must be placed at the same 

distance to the sample as the distance from the sample to the objective, so that it 

overlaps the beam and does not reduce the informativeness and reliability of the 

results. 

The recording device can be made with a serial charging connection (SCC), as 

well as a screen with a camera. The resolution of image registration depends only on 

the parameters of the recording device. This device used a camera with 14.2 MP 

matrix parameters, 4608x3072 dpi resolution, fixing matrix size 23x15.4 mm. 

Another considered option was a laser device using a flow camera with a 

hydrofocusing system (Fig. 13.7). 

The most complex part of the device is the hydrodynamic focusing system or 

fluid supply system. 

  It is an important component of any cytometer, because it feeds the sample 

into the measuring cell in such a way that the particles of the suspension pass one by 

one through the central zone of the exciting laser beam (the area with the maximum 

light intensity). The squeezing fluid is a filtered pH solution with a physiological salt 

content. 
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The blood sample is fed coaxially to the flow of clamping liquid at a certain 

speed to the center of the channel in which the clamping liquid flows. According to 

the properties of laminar flow, the sample flow does not mix with the flow of the 

crimping liquid (although diffusion of small molecules occurs) and both flows in the 

channel remain coaxial. The sample flow (starting from the subwall layers) 

experiences viscous friction at the boundary with the compressing fluid and 

accelerates (or decelerates) so that its speed becomes equal to the current velocity of 

the compressing fluid. The ratio of the pressure under which the sample is supplied 

and the compressing liquid determines the ratio of the cross sections of the flows, i.e. 

the final diameter of the sample flow at the detection point: 

 

   (
  

   
)       (  

 )       (
  

   
)   

 

 

According to the relationship, increasing the pressure with which the sample is 

fed leads to an expansion of the flow diameter. In this way, flow control is carried 

out. The narrowing of the channel in front of the detection point leads to an increase 

in pressure and an acceleration of the flow: 

a) both streams accelerate; 

b) the increased pressure of the clamping liquid additionally narrows the 

sample flow. 

Therefore, the final diameters of the sample flow at the detection point are as 

follows: 

0º: Light angle forward scatter (1º ~ 3º), which can be used to measure cell size. 

10º: Narrow-frequency light scattering (7º ~ 11º), which can be used to measure 

cell structure and complexity.  

90º: перпендикулярне розсіювання світла (70º ~ 110º), яке в основному 

використовується для вимірювання поверхні клітини та внутрішньої структури.  
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90º D: Perpendicular light scattering (70º ~ 110º), mainly used to measure cell 

surface and internal structure. 

 

 

Figure 13.5 – Simplified structural diagram of the scanning variant 

 

 

Figure 13.6 – Full structural diagram of the scanning variant 

 

 

Figure 13.7 – Structural diagram of a flow cytometer 

 

The optical scheme of the laser device is shown in Figure 13.8. The diameter of 

the laser beam is proportional to the size of the cell. If residual horizontal light 

reaches the 0° detector, a fuse can block it to prevent saturating the electronics. 

Horizontal light with minimal deviation passes to the aperture mirror through the 
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converging lens. Light with a scattering angle of ~0° degrees passes through the hole 

to a silicon photodiode, which captures the intensity of the light beam at an angle of 

~0° degrees. Light scattered at an angle of ~10° degrees reaches another silicon 

photodiode using a mirror. Vertically scattered light is collected by a group of 

condenser lenses and then passes through a 700 µm slit (the filter diffuses the light 

and improves accuracy). After the scattered light containing cell information passes 

through a group of condenser lenses, the vertically scattered light is split into two 

parts by a beam splitter (semi-transparent mirror). Part of the light directly hits the 

90-degree photomultiplier tube. The rest of the scattered light will pass through the 

polarizer, and only the depolarized scattered light reaches the depolarizing 

photomultiplier tube at an angle of 90° degrees. 

The experimentally obtained speckle pattern using the given laser device (Fig. 

13.8) is presented in Fig. 13.9. The gray area in the speckle image is ghost cells. This 

means that the erythrocyte breaks up into parts. Green is lymphocytes, pink is 

monocytes, blue is neutrophils, white is basophils, red is eosinophils. 

The advantage of the laser method of blood research over others is quite 

obvious: the laser radiation source is intense, monochromatic and coherent, has the 

ability to focus on a small area and is easily controlled. Laser blood analyzers are 

extremely relevant, as they allow early diagnosis of a number of serious diseases and 

syndromes, which helps prevent them.  

This method of determining the parameters of human blood has a feature that is 

associated with the combination of speckle interferometry and flow cytometry. We 

will analyze a number of different devices to create an effective laser device, with the 

aim of increasing the reliability of data when determining blood parameters using 

speckle interferometry.  
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Figure 13.8 – Optical diagram of the designed device 

 

 

Figure 13.9 – Experimentally obtained speckle pattern 

 



82 
 
 

 

 

Therefore, modern laser blood analyzers are extremely relevant, as they allow 

early diagnosis of a number of serious diseases and syndromes, which helps prevent 

them. Due to its properties, laser radiation is in wide demand in the design of medical 

diagnostic devices. 

Also, the advantage of the combination of flow cytometry and speckle 

interferometry is the prospect of using the developed device not only for analyzing 

the characteristics of human blood, but also for other biological objects. 

14.  Methods of describing the interaction of laser radiation with biological 

tissues 

 

The modeling process contains three elements: the subject (researcher), the 

research object, and the model. 

The first stage of building the model assumes the presence of some knowledge 

about the object - the original. The cognitive capabilities of the model are determined 

by the fact that the model reflects (reproduces, imitates) any essential features of the 

object - the original. Obviously, the model loses its meaning both in case of identity 

with the original (then it ceases to be a model) and in case of excessive difference 

from the original. Thus, the study of some sides of the modeled object is carried out 

by refusing to study other sides. Therefore, any model replaces the original only in a 

limited sense. That is, several "specialized" models can be built for one object, 

focusing attention on certain aspects of the object being studied or characterizing the 

object with varying degrees of detail. 

At the second stage, the model acts as an independent object of research. One 

of the forms of such research is conducting "model" experiments, in which the 

conditions of the model's functioning are deliberately changed and data on its 

"behavior" are systematized. The end result of this stage is a set of knowledge about 

the model. 
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At the third stage, the transfer of knowledge from the model to the original is 

carried out - the formation of a lot of knowledge. At the same time, there is a 

transition from the "language" of the model to the "language" of the original. The 

process of knowledge transfer is carried out according to certain rules. Knowledge 

about the model must be adjusted taking into account those properties of the original 

object that were not reflected or were changed during the construction of the model. 

The fourth stage is a practical verification of knowledge obtained with the help 

of models and its use for building a generalized theory of the object, its 

transformation or management. 

 

14.1. Modern methods, which are the basis for the construction of optical 

measuring systems 

 

Despite the multidirectional nature of the problematic problems faced by 

researchers in the optics of light scattering, they can be divided into two parts, 

distinguishing the direct and inverse problems of the theory of light scattering. These 

two problems make up the theory of radiation transfer. This line of research is aimed 

at solving the inverse problem, which is formulated as follows: the lighting 

conditions and the distribution of the light field in the medium are given, and the 

optical characteristics of the light-scattering medium need to be determined. In other 

words, it is necessary to know the parameters of the particles and components of the 

medium being studied by the light field transformed by it. The basis for solving the 

inverse problem of waste disposal is a mathematical calculation and, in fact, a 

solution of the radiation transfer equation (RTE) in the integral-differential form [17]:  

 

(14.1) 
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where I0 – intensity of radiation incident on the elementary volume;  

I0' – intensity of the element's own radiation dλ;  

Iλ – intensity of radiation passed through the volume;  

I1' – intensity of the external source of illumination of the volume dλ;  

d τ = k ⋅ d λ   –  optical thickness of the medium,  

where k = α + σ – attenuation (weakening) or extinction coefficient;  

α – absorption coefficient of the medium;  

σ – scattering coefficient of the medium;  

d Ω′ – solid angle of the third source of illumination of the volume dλ;  

Λ = σ / (α + σ) – photon survival probability;  

F(γ) –  scattering indicator (relative angular distribution of light scattered by an 

elementary volume):      

                                         F(γ) = ρ (γ) / σ,                                           (14.2) 

where ρ(γ) – dispersion index in the direction γ.       

Although there are certain disagreements [17] about the priority on the RTE, 

the majority is of the opinion that in the form (14.2) for the spherical indicatrix it was 

first formulated by Hvolson in the last century. It is based on the appropriate 

boundary conditions and other physical meanings of the parameters λ, F(γ), solutions 

to many problems in thermal physics, nuclear physics, acoustics, etc. takes the form 

of the ordinary Bouguer's law in differential form. Thus, over the hundred years of its 

existence, the RTE has collected quite a large number of conclusions, which are 

widely presented in the scientific literature [18-19]. Therefore, they are not given, but 

for a better understanding, we graphically present an experiment that fully describes 

equation (1.2.1) (Fig. 14.1).  
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If there are other radiation beams falling on this volume, then their influence will be 

expressed through the second term of equation (14.1). This addition is called the 

growth of radiation intensity.      

 

Figure 14.1. – Interaction of optical radiation with a volume element environment 

 

In equation (14.1), the last term also takes into account the case when 

luminescence or thermal radiation occurs in the environment. But here it should be 

emphasized that this type of RTE cannot take into account all the features of the light 

beam. This can be achieved taking into account all the energy and polarization 

features of the light beam when applying the RTE for the Stokes parameter vector 

[19], which has the following form: 

 

(14.3) 

 

 

 where      – the four-dimensional Stokes parameter vector transformed by the 

medium and irradiated by the beams, respectively, and     – 16-parametric scattering 

matrix, which carries all the information about the phenomenological parameters of 

the irradiated environment (indicatrix, absorption, reflection, scattering, etc.). In the 
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case of ordinary (natural) or isotropic light and the Lambertian indicatrix, radiation S 

degenerates into the modulus of the Poynting vector or, more simply, the intensity of 

the light beam. Then equation (14.3) takes the form (14.1). In all the latter cases, for a 

complete description of the RTE and taking into account the state of radiation 

polarization, the mutual influence of scattering centers, etc. it is necessary to apply 

equation (14.3).  

 

14.2. Rigorous methods for solving direct and inverse optical problems 

 

In the theory of scattering by small particles, various approaches have been 

developed, the field of application and effectiveness of which depends on specific 

ones conditions of the problem. 

Analytical and numerical methods for calculating the electromagnetic field 

scattered by dispersions are based on the solution of Maxwell's equations. All 

methods can be divided into two categories: methods based on the differential 

representation, which allow calculating the scattered field using the solution of the 

vector wave equation in the frequency or time domain; and methods based on the 

representation of Maxwell's equations by volume or surface integral equations. 

Exceptions are hybrid technologies and methods that can be obtained with the 

exception of other approaches. At the same time, it is assumed that the density of 

particles in the dispersed medium is low, and therefore the effects of multiple 

scattering can be neglected, and the theory of single scattering is valid. We will limit 

our consideration to the case of elastic scattering: the frequency of scattered light is 

the same as that of incident light. This excludes such inelastic scattering phenomena 

as Raman and Mandelstam Brilloue scattering. 

The classic method of solving the problem of light scattering by an arbitrary 

particle is the Separation of variables method (SVM). One of the simplest examples 
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of the method of separation of variables can be the exact solution of the problem of 

the scattering of a plane electromagnetic wave on a homogeneous isotropic sphere, 

which was obtained in 1908, and is usually referred to as Mie's solution or theory 

[20]. The solution of the problem of light scattering for an arbitrary particle within 

the framework of this method is possible if the surface of the particle coincides with 

some coordinate surface in which the variables in the wave equation are separated.   

Since the separation of variables in the spheroidal coordinate system is a 

difficult mathematical and numerical task, especially for absorbing particles, the 

scope of application of the SVM method to non-spherical spheroidal particles is 

limited by the size of the diffraction parameter р = (πd/λ) m0, equal to 40 (d - is the 

characteristic size of the scatterer: in this case – the semi-major axis, λ – the 

wavelength of the incident radiation in a vacuum, т0 – the index of refraction of the 

dispersion medium). The improved version of the SVM method [21] allows solving 

the problem of light scattering for spheroids with a large asymmetry parameter with 

great accuracy.  

The method of finite elements (finite elements method - FEM) is based on 

differential representation, while the scatterer is a limited area that is divided into a 

large number of volumetric cells called elements (10-20 elements per wavelength). 

The unknown field is determined at the nodes of these elements, taking into account 

the boundary conditions. The differential equation will be converted to matrix form 

for the unknown field values at the nodes, and then solved using iterative methods. 

The main advantage of the FEM method is that it allows easy modeling of non-

homogeneous particles and particles of arbitrary shape.  

Unlike the finite element method, the finite difference time domain method 

(FDTD) allows you to calculate the electromagnetic field by directly solving 

Maxwell's equations in a time-dependent formulation using the "rotor" operator. 
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The grids for electric and magnetic fields are shifted relative to each other in 

time and space by half the discretization step for each of the variables. Finite-

difference equations make it possible to determine the electric and magnetic fields at 

a given moment of time based on the known values of the fields at the previous 

moment of time, and under the given initial conditions, the computational procedure 

unfolds the solution in time from the beginning of the countdown with a given step. 

The FDTD method has indisputable advantages in terms of modeling electrodynamic 

objects with heterogeneous, anisotropic, and nonlinear media with arbitrary boundary 

shapes [22]. 

The wide variety and use of a large number of numerical methods for the 

calculation of electromagnetic scattering by particles of different shapes and 

structures shows that there is no approach that provides the best results in all cases. 

For a specific problem, you can choose a method that provides the greatest efficiency, 

accuracy and fits the physical parameters of the particle, but for another problem, this 

method may not be suitable. 

Moreover, it is very difficult to define and apply simple and objective criteria 

to evaluate the relative suitability of different numerical methods in a wide range of 

applications. Direct comparisons of different methods may encounter almost 

insurmountable organizational problems. In many cases, only practice can show 

which method is more suitable for solving a specific problem of light scattering. At 

the same time, qualitative analysis of the problem based on the existing literature is of 

great importance.  

It is possible to combine two or more methods into a single code, with each 

method applied to the area of the problem for which it is most suitable. Therefore, 

these methods can be used as a reference when solving the inverse problem of light 

scattering (detection of generalizing parameters affecting the characteristics of light 

scattering) using approximation approaches. 
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As already mentioned above, the method of integral equations is one of the 

effective methods of obtaining approximate solutions. Consider the Wentzel-

Kramers-Brillouin (VKB) approximation using the method of integral representations 

(Fig. 14.2). 

 

Figure 14.2. – Description of the internal field in the Wentzel-Kramers-

Brillouin approximation. 

 

The field Е (r) inside the particle is approximated by a wave propagating with a 

wave vector corresponding to the substance of the particle. At the same time, the 

following conditions must be mets: 

 

(14.4) 

 

Thus, the incident wave has the form: 

 

(14.5) 

 

then the field inside the particle (Fig. 14.2) will be equal: 

 

(14.6) 

 

where ei – unit polarization vector, zі = (rі • i) – input particle surface 

coordinate for a falling wave passing through the point r1, z '= (г' • i). 
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Wentzel-Kramers-Brillouin (VKB) approximation is a simple and effective 

tool for calculating the optical characteristics of both individual scatterers and a set of 

scatterers of arbitrary shape. 

According to information theory and modeling of the structure of blood cells 

by approximation methods, the factors controlling scattering, in order of importance, 

are characteristics: 

a) the volume of the particle, its mass, which determines the volume-averaged 

refractive index, and its shape; 

b) the main radial mass distribution, that is, a large structure; 

c) details within this distribution (growths, holes, small inhomogeneities). 

Determination of the parameters of the investigated suspensions can be carried 

out using methods of regularization in the ensemble of smooth functions, and by the 

method of taking into account additional optical information. 

Determination of the size of the suspension particles can be carried out using 

the current values of the small-angle indicator, using Sloan's construction. 

Therefore, in most cases, when modeling a dispersed medium, it is enough to 

take into account only the large structure of scatterers, and when studying and 

interpreting the characteristics of light scattering, use simple models for which the 

exact solution is known, which allows you to control the adequacy of the application 

of one or another approximation. 

Summarizing the above, we can conclude that various approximation 

approaches for optically soft particles have limitations in the field of application, 

which can lead to significant errors and incorrect interpretation of the obtained 

results. However, the simplicity of physical mechanisms, which is the basis of 

approximations, allows obtaining easy-to-understand analytical solutions, that is, 

solving the inverse problem. 
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