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NOMENCLATURE 

AHR Average heart rate 

BMI Body mass index 

BPM Beats per minute 

DVT Deep vein thrombosis 
ECG Electrocardiogram  

e  Eccentricity 

E Young’s modulus 
E’ Combined elasticity modulus 

ePTFE Polytetrafluoroethylene 

fi Body force 

F Volume force 

F0 Force amplitude 

FDA Food and Drug Administration 

FSI Fluid-structure interaction 
g Contact gap distance variable 

𝑔 Gravitational acceleration 

HGW Glass-cloth laminate 

I Diagonal matrix 

m Mass of the eccentric 

M Bulk mass of the whole system 

MHR Maximum heart rate 
n Normal vector to FSI boundary 

p Static pressure 

r  Distance from the motor shaft to the centre 
R Combined radius 

RBC Red blood cell 

RPM Revolutions per minute 

t Time interval 
T0: Estimated contact pressure 

𝑢 
  Displacement field 

𝑣 
  Velocity 

V Poisson’s ratio 

WBV Whole body vibration 

x Displacement of the particles 

𝑥1 𝑎𝑛𝑑 𝑥2 System’s displacements 

Г External boundary 

δ  Constant penalty factor 

𝜎𝑖𝑗,𝑗  Stress component 

𝜎𝑖𝑗
𝑠  Structural stress 

𝜎𝑖𝑗
𝑓

 Fluid stress 

휀𝑖𝑗 Strain 

ζ  Head loss coefficient 
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𝜂 Dynamic viscosity 

𝜆 and G Lame constants 

µ Mass ratio 

µPIV Micro Particle Image Velocimetry 

𝜌 Mass density 

Φ (x,y) The correlation function 

𝜔1 Natural frequency of the structure 

𝜔2 Natural frequency of the damper 

⍵ Angular velocity 

Ωf Fluid domain 

Ωs Structural domain 
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INTRODUCTION 

Research Relevance, Aim and Objectives 

The World Health Organization adopted the declaration of "Health for all in the 

twenty-first century" where a target of "healthy aging" was laid out for the European 

region. It is foreseen that in Europe the population of people older than 65 years will 
increase to 70% by 2050, while those over 80 years will increase by 170% [1]. 

Besides, more than 10 % of the population is affected by such diseases as Diabetes 

mellitus or Arthritis that could lead to blood circulatory disorders. As a consequence, 
the present medical community requires non-invasive smart technologies and tools 

that could be applied when dealing with aging-related and blood circulatory disorder 

health problems. The increase in a person’s age has a marked influence on the 
occurrence of disorders in the cardiovascular system. Therefore, development of 

means for treatment and prevention of such disorders is highly relevant nowadays. 

Pathological processes often disrupt the function of arterioles and capillaries, thus 

causing an increase in blood pressure or malfunctions in tissue feeding. Therefore, 
innovative research efforts in the field of vascular dynamics are particularly important 

at the moment. 

Due to the lack of methodologies and means for the blood circulatory 
improvement in capillaries, it was decided to create a novel approach to perform low-

frequency vibrational therapy for people with disabilities and for those suffering from 

diabetics, arthritis, hypertensions and other diseases with circulatory disorders. The 
main aim was to create the human-compatible prototype with a purpose of ‘low-

frequency vibrational therapy influence’ investigation on significantly improving 

blood circulation. The novel approach is based on the vibration of limbs to compensate 

for the obstruction of blood circulation, especially in capillaries. According to the 
requirements and application field, the decision was made to develop two separate 

devices for the specific disorders and concentrating on the diseased part of the body. 

It has been decided to use rotating unbalanced masses and initiate beating 
phenomenon with the purpose to generate and transmit low-frequency vibrations. 

Beating frequencies are used in various areas of new technologies. Similar technology 

using two small size vibrating motors as a miniature vibro-tactile sensory substitution 

device are found for multi-fingered hand prosthetics [2] and two-micro-motor 
platforms design for actuating control of a novel sliding micro-robot [3]. The proposed 

application of beating frequencies is therefore innovative in the medical device area.  

Statement of novelty 

The following scientific novelties are presented in the thesis: 

1. Experimental setup of an imitational blood circulation system; consisting of 

a peristaltic pump, vibration actuator and µPIV equipment, which enables 
researchers to analyse alterations of fluid (blood) parameters in the 

microchannel during the vibrational excitation at various frequencies and 

amplitudes. 

2. Experimental and theoretical proof of low-frequency’s vibrational 
excitation influence on blood flow improvement. Prescribed frequencies of 
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induced beating phenomenon in conjunction with sufficient displacement 
range significantly increase blood flow velocity and pressure in the 

microchannel and reduces maximum contact pressure between the 

erythrocyte and the capillary wall.  

3. Unique prototypes of a vibrating bracelet and a vibrating machine for legs 
were designed and experimental proof of capturing thermal imagery of 

temperature increase in limbs after the vibrational excitation has been 

conducted. 

Practical value 

The new type of vibrational excitation approach to the human body is proposed, 

which is intended exclusively for the improvement of the blood flow; thus feeding the 
human body tissue for diabetics and people with disabilities, relieving the arthritis 

caused pain and lowering high blood pressure. Blood circulatory disorders could lead 

to the amputation of diseased limb and a lack of existing solutions has therefore been 

identified and fulfilling the market with unique means are proposed.  
The numerical models of blood vessel, capillary and erythrocyte enables the 

reduction of the need for time-consuming and expensive invasive studies with 

biological tissues of the human body. The developed models could be modified 
depending on the application field, thus improving the design process and reducing 

costs.  

The subject of research and methodology 

The subject of research is the blood flow improvement in human limbs’ with the 

effect of vibration exposure.  

The research methodology is based on the analysis, purification and 

generalization of scientific sources of vibration exposure on the human body. The 
influence of low-frequency vibrations were investigated; monitoring blood pressure 

and velocity parameters, as well as maximum contact pressure, between the 

erythrocyte’s and capillary’s walls. The numerical analysis was conducted with the 
Comsol Multiphysics software ‘Acoustic-Solid Interaction Frequency domain and 

Fluid-structure Interaction modules’ while the adequacy of numerical models was 

investigated with the Micro-particle Image Velocimetry equipment and capturing 

thermal imagery of handbreadth and foot after the vibration exposure with the 
designed actuators. 

Defended dissertation statements 

The novel approach and devices of vibration exposure was proposed that 
improves blood flow in human limbs. The devices were designed considering diseased 

parts of the body affected by diabetes mellitus, arthritis and other circulatory 

disorders, thus eliminating conceivable resonance with internal organs and the 
negative effect to the spine.  

The developed numerical models of blood vessel, capillary and erythrocyte 

simplifies the research of vibration exposure influence on different cardiovascular 

parameters, as well as material property changes as a result of various diseases.  
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The significant findings of numerical and experimental investigations provide 
the validity of the designed devices in the area of blood flow improvement using low-

frequency vibrations. 

Document structure 

The thesis consists of an introduction, four sections, general conclusions and a 
list of literature and scientific publications on the topic of dissertation. The volume of 

the dissertation is 112 pages in total; 35 numbered formulas, 81 figures and 10 tables 

are used in the main body. The list of references contains 106 sources.  

Future work 

Future work will include clinical trials on diabetics and long-term investigations 

of low-frequency vibrational exposure on blood flow improvement, especially in the 
limbs’ capillaries. The gathering of patients meeting the requirements for such clinical 

trials is a liable and time consuming process. Therefore, a questionnaire about physical 

condition is prepared and distributed around potential disease affected patients. 

Development of a sophisticated mathematical model of flowing with more than one 
erythrocyte in the micro-channel of capillary should be executed.  

Research approbation and Publications  

Theoretical and experimental studies were performed at Kaunas University of 
Technology, Institute of Mechatronics. Some of the research results were obtained 

and reclaimed implementing the research project "In-Smart" (Nr. VP1-3.1-ŠMM-10-

V-02-012), funded by the EU Structural Funds Project Ministry of Education and 
Science, Lithuania. 

The results of this dissertation have been published in 9 scientific papers: 3 in 

journals listed in ISI Master Journal List, 2 – in ISI proceedings and 4 – in conference 

proceedings.  
The results have been presented at 7 conferences:  

● „Tarpdalykiniai tyrimai fiziniuose ir technologijos moksluose – 2012“, 

Vilnius; 

● International conference of “Vibroengineering” 2013, Druskininkai; 

● „Tarpdalykiniai tyrimai fiziniuose ir technologijos moksluose – 2014“, 
Vilnius 

● 19th International conference “Mechanika-2014”, Kaunas 

● “12th International Symposium Computer Methods in Biomechanics 

and Biomedical Engineering”, 2014, Amsterdam, The Netherlands; 

● 20th International scientific conference “Mechanika-2015”, Kaunas. 

● The 14th IFToMM World Congress, 2015, Taipei, Taiwan. 
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1. LITERATURE REVIEW 

1.1. Blood circulatory disorders 

According to the statistics, more than 50 percent of deaths are caused by heart 

and cardiovascular diseases in the European Union, which is also prevalent in 

Lithuania [4]. The main function of the cardiovascular system is to feed tissue by 
supplying oxygen and nutrients as well as removing carbon dioxide and metabolites. 

These processes can only be in the capillaries system. The capillaries are the smallest 

tissue blood channels with a diameter of about 5‐8 μm. Capillaries are one of the most 
important parts of the cardiovascular system. These small micro-vessels are widely 

branching out throughout the human body, thus creating a capillaries network. The 

metabolic processes occur between the capillaries and contact tissue. Pathological 
processes often disturbs the function of the arterioles and capillaries, thus cause high 

blood pressure and nutrition disorders.  

As mentioned above, the human body’s circulation system is responsible for 

sending blood, oxygen and nutrients throughout the body. The reduction of blood flow 
to a specific part of the human body may cause the symptoms of poor circulation. 

Human extremities, such as legs and arms, are affected the most by poor circulation. 

Insufficient circulation is the result from other health issues and is not a condition in 
itself. The most common reasons of circulatory disorders are obesity, diabetes 

mellitus, arthritis, disability, heart conditions and arterial issues. The diabetes 

mellitus, arthritis and hypertension alone affects hundreds of millions of people 

worldwide. Diabetes mellitus can be named as one of the most common pathology 
and there are a lack of means for solving problems caused by this disease. 

Diabetes mellitus 

Blood sugar level is not the only thing affected by diabetes mellitus. The disease 
causes poor blood circulation that leads to leg cramping and pain in calves, thighs or 

buttocks. Diabetes mellitus dramatically increase the risk of heart and blood vessel 

problems, as well as atherosclerosis and high blood pressure. 25 years ago there were 
only 30 million diabetics globally. Now this number has risen to 366 million. The 

International Diabetes Mellitus Federation predicts that in 2030 there will be 552 

million of these patients [5]. The number of diabetics in Lithuania is equally 

increasing, as in the rest of the world. Supposedly, there is about 5 % (150 000) of the 
Lithuanian population suffering from Diabetes mellitus. 3500 Lithuanians die (10 per 

day) from this illness annually and 29.1 million suffer from diabetes mellitus in the 

US [6]. According to statistics, 600,000 diabetics with limb ulcers are diagnosed every 
year, furthermore, about 90,000 cases of limb amputations are performed worldwide. 

The essential cause of diabetic feet – insufficient blood supply. People with diabetes 

mellitus may bear many different problems with their feet. Even ordinary problems 
can get worse and lead to serious complications. Poor blood flow or shape changes of 

the feet or toes may also cause problems. People might not notice a foot injury until 

the skin breaks down and becomes infected. Walking on an ulcer can make it get 

larger and force the infection deeper into the foot. Poor blood flow can make the foot 
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less able to fight infection and to heal. Diabetes mellitus causes blood vessels of the 
foot and leg to narrow and harden. In this case the role of capillaries are crucial.  

Early and thorough limb examination of diabetic patients, permanent blood 

stimulation and effective control of the problem can help protect the patient from 

further complications. This encourages the development of modern and innovative 
disease suppression tools to reduce patient disability, medical costs and to increase 

the quality of life. The latest studies indicate that low-frequency mechanical vibrations 

could be used with the purpose of a faster healing of a diabetic foot ulcer [7]. 

Arthritis 

Nearly 50 million people in the U.S. report having some form of arthritis [8]. 

100 million in the EU are also suffering from arthritis or other rheumatic diseases [9]. 
Permanent daily pain and functional disorders caused by a rheumatic disease 

dramatically reduces the quality of life. Arthritis is the main reason of permanent 

disabilities worldwide and the second main cause in Lithuania. There are some 

250 000 Lithuanians suffering from arthritis according to current calculations. In most 
cases, doctors don’t know what causes arthritis. Affected by arthritis, the immune 

system destroys healthy cells. The first symptoms appear in the age bracket 30 to 50. 

The majority of people suffering from arthritis are working-age women. The most 
important factor in the development of arthritis is poor circulation of the microscopic 

blood vessels that carry oxygen and other nutrients to the joints. Insufficient blood 

flow causes pain in the small joints of the hands, including the wrists and the base of 
the fingers. Furthermore, other parts of the body, like elbows, shoulders, ankles, hips, 

feet and knees, are also affected. Today, medications are the main means of relieving 

the symptoms. Exercising is strongly recommended as a way of self-treatment 

because of a natural facilities to enhance blood circulation. First, it should be the easy 
exercises and then trying medium strength training. The load should be selected 

regarding the condition of the disease. Generally, treatment methods should be 

defined individually. Just a very few self-treatment tools could be found in the 
literature. Lack of proper means motivates researchers to make and offer novel 

methodologies. Vibrating machines are becoming more popular by adopting them for 

arthritis but the main purpose of them is to strengthen muscles and joints with less 

stress on the joints than regular strength training. By using different vibrational 
frequencies, supply of vital nutrients can be significantly improved. For this reason, 

further research is necessary.  

Hypertension 

Arterial hypertension (high blood pressure) is widely spread all over the world. 

The latest studies show that arterial hypertension is diagnosed in 1 in 3 Lithuanians. 

High blood pressure prevalence is one of the largest in the European Union. Every 
second person (25 – 64 years old) suffers from hypertension in the EU. About 70 

million American adults have high blood pressure – that is 1 in 3 adults [10]. 

Permanent or temporary higher blood pressure is diagnosed at 5 % of the population 

of those younger than 15 years old. Untreated arterial hypertension can violate various 
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blood vessels, heart, kidneys and the central nerve system in just a few years. The 
extent of the disease is significant but there are no means of effective control.  

If the permanently monitored Systolic blood pressure is between 120 and 139 

mmHg and Diastolic between 80 and 89 mmHg than this stage is called 

Prehypertension. If these numbers are higher, the diagnosis is Hypertension. In the 
first stage of Hypertension (Systolic pressure up to 159 mmHg and Diastolic up to 99 

mmHg) and Prehypertension it is recommended to start exercising and make a 

healthier lifestyle. Usually, doctors take more care about systolic blood pressure 
because of its direct relation with cardiovascular diseases. In most people, systolic 

blood pressure increases with age. Non-treatment of arterial hypertension can affect 

the vascular system, heart, kidneys and the central nervous system in just a few years. 
It is widely accepted that the early phase of primary hypertension is characterized by 

elevated cardiac output, whereas in later stages the increased blood pressure is due to 

increased peripheral resistance. Most people are only aware of hypertension only after 

a suffering heart attack or stroke. The majority of patients with hypertension do not 
know what steps to take to lower blood pressure. Methodology of blood circulation 

enhancement in the micro-vascular system can provide the development of non-

medication means. 

Raynaud’s Disease 

People with chronic cold hands and feet may have a condition called Raynaud‘s 

disease [11]. The small arteries in the hands and toes narrow as a result of this disease. 
This causes difficulties for blood moving through the body and leads to symptoms of 

poor circulation.  

The primary type of Raynaud’s disease tends to be less serve than secondary 

Raynaud’s. With primary or secondary Raynaud's, cold temperatures or stress, can 
trigger "Raynaud's attacks." During an attack, little or no blood flows to the affected 

body parts. 

About 5 percent of the U.S. population has Raynaud’s disease [11]. For most 
people, primary Raynaud’s is more of a bother than a serious illness. Secondary 

Raynaud’s is harder to manage and it is important to treat the underlying disease or 

what is causing the condition. 

Peripheral Artery Disease 

The Pheripheral Artery Disease causes the narrowing of the blood vessels and 

arteries and can lead to poor circulation in the legs, therefore decreased blood flow in 

feet can result in pain. Over time, numbness, tingling, nerve damage and tissue 
damage can occur. The Pheripheral Artery Disease is most common in adults over age 

50. 

When people have a blockage or narrowing of the arteries in the legs, the 
circulation is reduced. Tissue in the leg will die because of the insufficiency of oxygen 

and nutrients. This can lead to infection and gangrene, which could be very dangerous 

and life-threatening. Amputation is always a last resort. 
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Disabilities 

Walking and running increases blood flow out of and into the legs. People sitting 

in a wheelchair or having other mobility problems cannot stimulate blood circulation 

naturally. Insufficient blood volume could lead to various problems, like cold feet, 

feeling numb, ulcers or even amputation. Electro muscle stimulators could be used to 
increase blood circulation in the legs. Electrical impulses transmitted via electrodes, 

make the muscles contract, thereby blood circulation increases. However, this 

methodology is controversial and long-term studies need to be done. In most cases, 
therapeutics are used to recommend natural movement imitation instead of electrical 

muscle stimulation methodology. The practice of using walking imitators are still 

more common. Most of the therapy tools could only be accessed in clinics. The lack 
of home-adopted tools make many difficulties for people with disabilities. Only 

economically strong countries have a good infrastructure for people with disabilities 

to migrate into cities and assist in gaining access to therapeutic tools. Therefore, 

adopting vibrational methodologies on blood circulation would simplify and enable a 
self-therapeutic process.  

Wound healing 

The healing process depends on the blood circulation to the skin. Sufficient 
blood flow ensures delivery of oxygen and nutrients that are crucial to the healing 

process. The findings in the study with diabetic mice shows that low-intensity 

vibrational training may be a novel therapeutic method for healing diabetic wounds 
[12]. The effect of vibration on the skin microcirculation was observed in another 

study with mice. It was found that skin blood flow increases when effecting it with 

vibrational excitation of 47 Hz [13]. 

The problems mentioned above causes blood circulation disorders. The lack of 
circulation can cause coldness and soluble feelings in hands and legs. Disabled people, 

diabetics or those suffering from arthritis and even athletes have soluble limbs. The 

final outcome could even be an amputation of the extremities.  

1.2. Cardiovascular system - capillaries and arterioles 

There are three major types of blood vessels: veins, arteries, and capillaries. The 

blood circulation starts from the heart and goes to arteries, arterioles, capillaries then 

flows back through venules and veins. Arteries carry blood away from the heart, 
forming smaller divisions by increasing the distance from heart. The smaller branches 

of arteries are called arterioles. The blood flows through arterioles to the capillaries, 

which are the only vessels in contact with tissue cells. The blood pressure in the 
entrance of the capillary bed is about 40 mmHg. At the exit, blood pressure decreases 

and is about 20 mmHg or even less. Capillaries are extremely permeable and fragile, 

thus low pressure is required. The most important function of capillaries are to directly 
serve cellular needs. The smallest vessels deliver gases, nutrients and hormones. 

Capillaries enable the body to make blood exchange through gossamer-thin walls and 

these functions separates them from arteries and veins, which function as conduits. 

Capillaries are composed only of endothelium. The walls are very thin and are 
stabilized by spider shaped smooth muscle-like cells. The diameter of a capillary is 
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large enough for red blood cell to move through. The only tissue exceptions that are 
not supplied by the capillaries are tendons, ligaments, cornea and the lens of the eye. 

Because of their exclusive facilities and importance, capillaries will be the major 

attention in this paper. 

There are three main structural types of capillaries: 
● Continuous capillaries; 

● Fenestrated capillaries; 

● Sinusoidal capillaries. 

The continuous capillaries are the most common and the highest concentration 

could be found in skin and muscles. Naturally, the blood flow through the capillaries 
are mainly regulated by vascomotor nerve fibers and local chemical conditions. There 

are two routes of possible blood flow through capillaries. When pre-capillary 

sphincters are open; blood flows through the true capillaries. When pre-capillary 
sphincters are closed; then blood flows through shunt and circumvents tissue cells 

without exchanging nutrients. This is how the flow through capillaries are described 

by the cardiovascular theory. But in some cases, there could be different sources of 

dysfunction. 
Red blood cells (RBC) can be significantly affected by genetic or some 

pathological conditions. The healthy RBCs are disc-shaped and have a flexible 

membrane. High surface-to-volume ratio lightens reversible elastic deformation, 
which is crucial, by continuously passing the micron diameter capillaries and 

transporting nutrients and oxygen. Pathological conditions can considerably influence 

changes of form or membrane properties of the disc-shaped RBC. In some cases, these 

alterations causes circulation obstruction. This could lead to necrosis and organ 
damage [14]. 

As an example, the influence of diabetes mellitus is described further. Changes 

in rheological properties affect mechanical properties like; micro-viscosity, 
aggregation and adhesiveness. These alterations lead to dysfunctioning of the 

membrane structure and composition [15, 16]. The increased red blood cell rigidity 

has been observed in a number of previous studies. In a study of diabetic patients with 
renal insufficiency, reduced RBC deformability was found [17]. Findings from 

another study showed that red blood cell rigidity dramatically increase in hypertension 

and diabetes mellitus [18]. Further analysis on RBC’s deformability is needed and a 

lack of similar studies has been observed.  

1.3. Literature review of vibration therapy influence on the cardiovascular 

system 

Human vibration therapy dates back to ancient Greece. Vibrational therapy is 
known for its benefits to improve muscle strength, power and flexibility, as well as 

coordination or even the cardiovascular system. It is known that vibration exercises 

has an effect of preventing parasites and other germs from invading the body and at 
the same time helping to activate, to a suitable degree, the various organs of the body 

[19]. There has been much research of the vibration effect to the human’s biological 

processes.  
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Katsuzo Nishi [20] introduced the Nishi-Shiki health system in 1927. Nishi-
Shiki provides a number of exercises for the treatment of circulatory disorders. It was 

based on his own studies and practice of what would amount to some 360 types of 

folk cures and health methods, both ancient and contemporary - Oriental and 

Occidental. His methodologies are based on his own studies and theories of the 
dynamics of the human body, with reference to mechanical engineering science. His 

theories are characterized by the idea that a humans’internal organs are basically the 

same as those that evolved for the mammalian, and a human two-legged life style 

causes certain structural strains on the human bone structure, which then causes 

obstruction problems of the food flow through the intestines. These methods are 

characterized by the idea that a humans’ internal organs are doubled and the capillaries 
are the human’s second heart. Nishi stated that the capillaries provide the true driving 

force of the circulatory system. To compensate for the obstruction of circulation in a 

human’s limbs; he proposed the capillarity exercise.  
In vascular beds that exhibit arteriovenous asymmetry, increased flow may 

trigger an increased flow resistance by a mechanism involving the tendency of 

vascular segments to reduce their luminal diameters in response to increased trans-

mural pressure. Blood vessels have an ability to control blood flow velocity by 
shrinking or expanding, because of their elastic properties. When the pressure is 

constant, the fluid volume flow rate is reduced as a result of increased flow resistance. 

This permanent reaction can be characterized as ‘structural auto regulation’ [21]. In 
paper [22] new models of the micro dosing elements are presented; to investigate 

blood circulation in the capillaries. 

Positive vibrational therapy effect on heart rate values and blood circulatory 
system is noted in a number of previous studies [23, 24]. It is confirmed that blood 

flows into the capillaries at high speed and the stored energy is converted into heat, 

thus significantly reducing the blood pressure. The influence of induced whole body 

vibration (WBV) was investigated on arterial stiffness. According to that paper, 
brachial-ankle pulse wave velocity decreased 20 and 40 min after the WBV trial and 

recovered to baseline 60 min after the trial. These results suggest that WBV acutely 

decreases arterial stiffness [25]. Investigation on vibration training on the 
cardiovascular system has showed that capillaries are opened in order to keep the 

necessary level of cardiac output needed for the body [26]. Earlier studies have 

showed that whole body vibrations affect increase artery blood flow, heart rate and 
other parameters [27, 28]. 

Research to date provides evidence that a rarefaction of capillaries is known to 

occur in many tissues in patients with essential hypertension [29, 30, 31, 32, 33]. The 

Cohn study indicates that hypertension may be a consequence of a reduced number of 
capillaries and arterioles [34]. Another study, made by Cheng et al. 2008, was made 

aiming to determine if capillary rarefaction is detectable in people with mild systolic 

blood pressure elevation. The findings show that the measured functional capillary 
rarefaction were notably lower in both high blood pressure groups compared to 

normotensives [35]. Vibration therapy was proved as an appropriate approach for the 

prevention of joint, muscular, ligament and tendon injuries. Furthermore, a 5-minute 

cycle ergometer warm-up elicits results comparable to a vibration warm-up.  
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The purpose of the other study was to investigate the influence of whole-body 
vibration on blood flow velocity and muscular activity after different vibration 

protocols in Friedreich’s ataxia patients. Ten patients received whole body vibration 

treatments with random combinations of frequency and protocol. Femoral artery 

blood flow velocity, vastus lateralis and vastus medialis electromyography, and rate 
of perceived exertion were registered. Peak blood velocity was increased. 

Electromyography amplitude was increased and frequencies decreased during the 

application of whole body vibration. The results suggest that whole body vibration is 
an effective method to increase blood flow in patients with Friedreich’s ataxia [36]. 

Another study partly aimed to determine the effects of vibration on leg blood 

flow after intense exercise. Twenty-three participants performed exercise tests 
followed by a recovery period using whole-body vibration or a passive control in the 

seated position, after the blood flow was assessed. Results showed that the whole body 

vibration pulsatility index decreased in the popliteal artery following maximal 

exercise and was effective in increasing performance in later exercise tests [36, 37]. 
The effect of whole-body vibration on leg blood flow has been investigated on 

young adult males. The subjects completed a set of random vibration and nonvibration 

exercise bouts whilst squatting on a vibrating plate. Blood pressure of the common 
femoral artery and blood cell velocity were measured in a standing or rest condition 

prior to the bouts, then during and after each bout. This research made by Lythgo et 

al. [38] shows that leg blood flow systematically increases in the vibration bouts. 
Osawa et al. [28] has identified that the whole body vibration therapy influences 

increasing arterial blood flow and other cardiovascular parameters. The study with 

twenty healthy adults [39] was performed on the vibrating platform imitating 

mechanical vibrations of 26 Hz. The mean blood flow velocity in the popliteal artery 
increased from 6.5 to 13.0 cm x s(-1). Baum et al.’s [40] studies on type II diabetes 

mellitus patients performing vibration exercises suggested that vibration exercise may 

be an effective and low time consuming tool to enhance glycaemic control. The 
studies performed at the Loma Linda University [41] indicated the significant increase 

in skin blood flow when performing five minute vibrations of 30 Hz or 50 Hz. It was 

mentioned that future research should be done to determine if this method is eligible 

with diabetes mellitus having low circulation. Another study at the Loma Linda 
University [42] showed the increased skin blood flow after whole body vibration 

exercise at post intervention time intervals. However, the lack of investigations 

analysing fluid parameter changes by affecting it by external vibrations and the 
possibility to adopt the vibration method on diabetics were noted. 

The influence of high frequency vibrations generated by cylindrical piezo-

actuator to the flow of liquid substances in a micro-channel is investigated in the work 
of Palevicius et al. (2004) [22]. Hybrid experimental-numerical analysis techniques 

were used for the investigation of micro spray systems. Laminar flow in straight 

channel analysis was made by Silva et al. (2009) [43] and Puccetti et al. (2014) [44]. 

The results of the studies have been compared to theoretical calculations and indicated 
a 4 % difference between experimental and theoretical results. The accuracy of the 

µPIV method was also determined by Wang et al. (2009) [45], who investigated 

different length sides of four square micro-channels with different Reynolds numbers 
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(Re). Similar research of rectangular channels was made by Devasenathipathy et al. 
(2003) [46] and the acquired results matched theoretical calculations. µPIV 

measurements close to the micro-channel wall with attached artificial thrombus were 

made by Tolouei et al. (2009) [47] and the results of a similar study of Completo et 

al. (2014) [48] had showed that the µPIV method could be used for the assessment of 
blood flow and thrombus geometry influence near the walls. µPIV technology is 

beneficial on the experiments investigating fluid velocity parameters’ response to low 

frequency vibrations. 

1.4. Technological means to improve blood circulation 

Therapeutic massage is one of the best clues to improve blood circulation in the 

human body. The method is proved and there is no questions about its positive effect. 
Furthermore, massage replacing means can be found in literature. Various types of 

devices using thermal, mechanical and electrical or ultrasound technologies has been 

developed as prototypes or final products. The diversity of named technologies’ 

applicability is even wider. Thermal therapy is more convenient by using it for 
relaxation or for athletes’ recovery/warm-up. The applicability of electrical impulses 

and ultrasound technologies more frequently occurs in the surgery or rehabilitation 

field. Mechanical load or vibrational therapy could be named as the most comparable 
method to the therapeutic massage. The major part of products are designed for 

athletes with the purpose of improving muscle performance. It is worth mentioning 

that previously stated scientific findings prove the unquestionable effect of vibrational 
exposure on human body. However, previously listed diseases are united by blood 

circulation disorders but only the minority of means are designed to solve this 

problem. The products in the market or described in patents that provides similar 

methodologies and solving the previously described problems were overviewed. The 
competition can be separated in two main types: 

● Vertical (functional) competition – competing between the same needs but 

different type of items. 

● Horizontal (type) competition – competing between the same needs and 

same type of items.   
Both types of products, technologies or methodologies were analysed and the 

most relevant are described below. 

Whole body vibration machines 

Probably the most popular and thoroughly investigated application of 

vibrational therapy are for health or improved performance purposes. The whole body 

vibration machines (Fig. 1) are mostly adopted for athletes with the purpose of gaining 
more muscle mass, strengthen bones and joints and performing warm-up before a 

workout. Only the newest models are partly adopted for people in a wheelchair. 

Although the manufacturers’ state that blood circulation improvements is not the 

primary goal.  
There are a number of similar products on the market, but the reviews only 

encompass general purposes and stated benefits. The majority of the whole body 

vibration machines [49, 50, 51] use mechanical oscillatory movement. This provides 
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for the performance of static or dynamic exercises depending on the type of machine. 
The vibration platform generated oscillations, transfers the energy directly to the 

human body. The majority of whole body vibration machines provide sinusoidal 

shaped oscillations that are described by their frequency, amplitude and phase angle 

[52]. Parameters of whole-body vibration modalities are an essential part of a patent. 
Patent claims for vibrational platforms include direction, amplitude, frequency, and 

vibration acceleration (patents 20100049105; 20090269728; 20090076421; 

20080009776; 20070290632; 20070225622; 20070219052; 20050251068) [53]. 
The platforms are characterised by acceleration levels and by the way in which 

they apply vibration. Lower than 1g accelerations are considered as low intensity 

while more than 1g – high intensity. The frequency range of most platforms range 
from 12 to 40 Hz and the amplitude ranges from 0.7 to 5 mm.  

   

 

Fig. 1. Whole-body vibrational training machine [49] 

The whole-body vibration training machine is a well-known product in the 

fitness equipment field, with wide applicability, starting from enhancing muscle 
performance, bone density and blood circulation for healthy athletes. The technology 

has been scientifically proved and products from different manufacturers are spread 

worldwide, although it has some disadvantages. The whole body and all internal 

organs are affected by external vibrations, thus, this could lead to spine problems such 
as the emergence of a hernia. The long term positive effect is not proved scientifically. 

The whole body vibrational devices have not been approved for medical purposes, as 

the applicability is limited due to the construction and working regimes of the 
technology used to generate vibrations. 

Intellinetix vibrating gloves 

The purpose of using vibrating gloves (Fig. 2) is to reduce pain in fingers or 
hands that is caused by arthritis or other chronic conditions. The Intellinetix gloves 

[54] increase blood circulation and warms aching joints. The product is patent-

pending (in the U.S.), although no information on the FDA website about this product 

was found.   
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The gloves provide gentle vibrations using small vibrating motors. The motors 
are fixed near the fingers and wrist. It can be assumed that these motors are working 

in higher than 20-30 Hz frequency range. 

 

 

Fig. 2. Intellinetix vibrating gloves [54] 

The strength of Intellinetix vibrating gloves is that this product is patented and 

sellable worldwide. From the functional side of view it is advantageous because of 

the compatibility with a pacemaker and its small size makes it easily transportable. 

However, the gloves have limited applicability and solves only arthritis caused 
problems by enhancing blood circulation in the hand and warming up the wrist.  

Legs and hands massager 

OSIM uPhoria Foot & Calf Massager [55] stimulates meridian points along the 
legs. The device (Fig. 3) uses vibrational and warmth technologies together or 

separately. The manufacturer states that the device is a deep-tissue massager that helps 

to relieve soreness and aches. It is based on the principles of reflexology massage.  

 

 

Fig. 3. OSIM uPhoria Foot & Calf Massager [55] 

The therapeutic Oster – Stim-U-Lax Body massager [56] uses single speed and 

thousands of vibrations per minute that are transmitted directly to the hand. As the 
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manufacturer declares, the 15-watt motor rotates six ball bearings laterally and 
vertically. The intensity is controlled by the user by changing the pressure. The device 

(Fig. 4) power source is AC supply and the input voltage is 120 V. 

 

Fig. 4. Oster – Stim-U-Lax Body Massager [56] 

These devices have the advantages of traditional massage and can be named as 
massage replacements, however the primary purpose of these devices is as a relaxation 

tool, therefore the blood circulation enhancement is just an auxiliary purpose. 

Neurostimulation devices 

Depending on the application field, the methodology may be different on the 
various devices. The Geko device [57] (Fig. 5) emits a 27mA current to the back of 

the knee. Electrical impulses make the calf muscle contract and stimulates the blood 

flow. The device stimulates the peroneal nerve that is very close to the surface of the 
skin. It is stated that the Geko device increases blood flow by a factor of four for 

someone who is sitting down. Furthermore the same technology is being used for 

athletes to aid muscle recovery.  

 

Fig. 5. Geko neuro-stimulation device [57] 

The Geko device’s small size means that could be easily used anywhere. Wide 
applicability and a huge distributor’s network makes it easily accessible, however, it 

could not be used with a pacemaker and the positive effects are contradictory.   
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VibeTech 

The VibeTech is the only device that combines strength training and vibrational 

therapy to commit physical and occupational therapy. The VibeTech device [58] is 

designed for people with impaired physical mobility to improve muscle strength, 

balance and to restore neural sensation.  

 

Fig. 6. VibeTech device [58] 

The device is clinician friendly and helps to solve neurological disorders, reduce 

pain, enhance blood circulation and is registered at the FDA. The developers are a 
NASA spinoff. Nevertheless, the rehabilitation oriented device is made only for 

purposes of mobility improvement and neuromuscular therapy.  

 

Patent analysis of the vibrational technology usage for massage or blood circulation 

stimulation purposes 

Vibrator massager using beat frequency (US 4570616 A) [59] 

The patented device for therapeutic vibration purpose consists of two motors 
and rotating discs having eccentric weights. The discs have non-equal diameters and 

are mutually connected. A vibrational device with this technology could be used in a 

cushion of pillow. The appliance provides a beating frequency for conveyance of body 
massage vibrations. In the content of the patent, a 3000 rpm and 3060 rpm respectively 

rotation speed was stated, which generates a beat of 1 cycle per second. It is noted that 

beating frequencies of between 0.5 and 2 cycles per second have been found to be the 

most appropriate and beneficial in vibrating devices, used for the massage of feet. 
Furthermore, it is claimed that the described device consists of contacted disks in order 

to enhance the generated force. The contact can be frictional or geared. The other 

possibilities are represented in the patent application. 
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Fig. 7. US 4570616 A patent object [59] 

Method and apparatus for improving local blood and lymph circulation using low 

and high frequency vibration sweeps (US 7909785 B2) [60] 

Method and apparatus are patented for improving blood circulation by placing 
one or more transducers on the patient’s body. The method uses lower-frequency and 

higher-frequency sweeps that are converted to microvibrations. The patented object 

provides massage to the muscle and improved blood circulation to the larger and 
smaller blood vessels and capillaries.  

 

Fig. 8. US 7909785 B2 patent object [60] 

It is stated that the amplitude of mechanical vibrations ranges of 5 to 40 microns. 

The lower-frequency sweep consists of frequencies below 1000 Hz, while the higher-
frequency sweep consists of frequencies above 1000 Hz for stimulating blood 

circulation in larger and smaller blood vessels respectively.  

Foot sole massaging device (US 5910123 A) [61] 

The purpose of the patented device is to stimulate blood circulation of the foot 

sole. The massaging device uses a vibration plate to vibrate horizontally and produces 

a stimulation on the knobbed solerests.  
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Fig. 9. US 5910123 A patent object [61] 

The patented device is not equipped to generate a vibration of the most suitable 

frequency for effective stimulation. The vibration frequency can be easily regulated 

remotely by a controlling unit.  

Randomic vibration for treatment of blood flow disorders (US 20090069728 A1) 

[62] 

The patent covers a therapeutic device and method for treatment of blood 
circulatory disorders using a non-invasive application of low frequency vibration. In 

a preferred embodiment, the patented objects could be applied as an adjunct to 

systemically intravenously administered thrombolytic drug therapy. 

 

Fig. 10. US 20090069728 A1 patent object [62] 

The inventions consist of statements that low frequency mechanical vibrations 

are preferable for using for treatment to thrombolytic or other clot disruptive and other 
blood circulatory disorders. The disclosed apparatus and method, using low frequency 

vibrations, enhances mixing of a clot disruptive therapeutic agent into a low flow 

artery. It is stated that low frequency vibration has a clot disruptive and vasodilatory 
properties. A similar device and apparatus is patented for different purposes by the 

same inventor (Low frequency vibration assisted blood perfusion emergency system 

US 7517328 B2). 
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Method for Improving Blood Circulation (US 20080309132 A1) [63] 

The disclosed method for improving blood circulation of a seated or lying 

person using at least one device to generate vibrations locally in a specific areas of the 

body. The generated frequency ranging of 5 to 30 Hz cycle lasts up to a minute. 

According to the statements, the method has an amplitude of 0.5 to 2 mm. 

  

Fig. 11. US 20080309132 A1 patent object [63] 

Leg ulcer, Lymphoedema and DVT vibratory treatment device (WO 2002065973 

A1) [64] 

Three-dimensional vibrations are applied for the purpose of treatment of an 

ulcer, lymphoedema and DVT. Mechanical vibrations of between 15 and 75 Hz, and 

with an amplitude of between 0.1 and 0.5 mm are used. A pad transmits vibrations 
directly to the limb which it is pressed against.  

1.5. Limitations and side effect of vibrations to the human body 

The human body can be compared with a mechanical structure and it is well 
known that it has resonance frequencies. The resonance may vary depending on the 

type of  body and with posture. Transmissibility and impedance are the mechanical 

responses of the body that defines vibrational influence. The transmissibility is mostly 

reliant on vibration frequency, axis and posture, in range of 3 to 10 Hz. The 
mechanical impedance shows the effort needed to move the human body and vertical 

impedance usually shows resonance at about 5 Hz.  

The discomfort is clearly defined by ISO standards and it depends on the 
frequency, axis, the point of contact with the body and the duration. During studies 

with animals, borders of significant physiological changes were defined where the 

lower border is around 0.7 m/s2 r.m.s. between 1 and 10 Hz and up to 30 m/s2 r.m.s. 
at 100 Hz.  

The elevated risk of spinal health risk is observed during long-term and intense 

whole body vibration. Degenerative change of the vertebrae and disks are the most 

frequent disorders [65]. These findings direct to the development of apparatus and 
methodology of locally transmitted vibrations. 

The “vibration diseases” are characterized by a complex of symptoms and 

pathological changes of the central nervous, musculo-skeletal and circulatory systems 
[66]. These symptoms have been diagnosed in workers standing on machines that 

were exposed to whole-body vibration frequencies above 40 Hz. These frequencies 

are limited by the ISO 2631 standard. In addition, the findings on long-term low 
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frequency vibrational exposure studies show the same symptoms and pathological 
changes. The exposure limits of frequencies and acceleration values are defined by 

ISO 2631 and given below.  

 

Fig. 12. ISO 2631 vibrational exposure limits [67] 

ISO has defined vibration limits for comfort, performance proficiency and 

safety based on the known occupational hazards, and ISO 2631-1 defined high 

intensity vibrations (those that produce more than 1 g force) as hazardous; regardless 
of frequency [67]. ISO 2631-5 define methods of evaluation of mechanical vibration 

and shock to the whole-body. ISO 5349-1 define the measurement and evaluation of 

human exposure to hand-transmitted vibration. The standard must be reviewed 
considering that the methodology of the enhancement of blood circulation is based on 

mechanical vibrations to the human limbs. ISO 5805 defines human exposure to 

mechanical vibration. The limb vibrator for therapeutic purposes is described as a 
segmental vibration machine for applying vibration locally to a human limb for trial 

or therapeutic purposes. ISO 13090-1 describes safety guidance for experiments with 

people on whole-body vibrational excitation. The standard provides guidelines of the 

experiments with humans exposed to mechanical vibration. The purpose of ISO 13090 
is to minimize the risk of injury or impaired health. Furthermore, the ISO 14835-1 

standard defines the methodology of tests for the evaluation of peripheral vascular 

function, measuring finger skin temperature. It is stated that the finger skin 
temperature depends on the blood circulation and could be used as a factor defining 

blood perfusion at capillaries and arteries. This standard defines the methodology of 
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cold provocation tests but it is clearly stated that mechanical or physiological effects 
may change finger skin temperature thus enhancing blood flow. 

 

Fig. 13. The coordinate system used to assess hand-arm vibrations (ISO 5348:1986) [67] 

1.6. Thesis objectives 

Vibrational exposure methodology is unique among the products on the market 

and with reference to the overview of scientific literature. The approach of vibrational 
excitation has had to be implemented by developing an innovative system with the 

purpose to enhance blood circulation in the microchannel. The aim and objectives of 

this work have been determined according to the results of literature and existing 

technology reviews.  
The aim of this research is to develop and investigate the influence of 

mechanical vibrations on blood circulation with low-frequency vibrational expose 

prototypes for human limbs. 
In order to reach this aim, the following objectives were determined: 

● I. Develop mathematical models of blood vessel connected to the 

capillary, including red blood cells, define its material properties and 

identify values of Eigenfrequencies’.  
● II. Simulation of vibrational excitation and identification of the 

influence on the blood velocity changes and red blood cells movement 

from the arteriole to the capillary.  

● III. Develop experimental setup of imitational blood circulation 

comprising of artificial blood vessel, peristaltic pump, vibrating 
element, displacement and pressure sensors and measurement 

equipment and conduct experiments by initiating a beating phenomenon 

and monitoring blood pressure changes inside the vessel.  
● IV. Adapt experimental setup by the Micro-Particle Image Velocimetry 

(µPIV) system and conduct research by monitoring blood velocity 

changes in the microchannel.  

● V. Design and develop a prototype of vibrating bracelet and legs 

actuator, identify Eigenfrequencies’ of legs’ vibration machine 
depending on different human weight and confirm adequacy of the 

created theory models to physical ones.  

● VI. Verify the influence of vibrational excitation on the improvement 

of blood circulation in limbs by evaluating temperature measurements. 
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1.7. Section conclusions 

This section presented a review of recent publications, technological means, as 

well as a detailed description of the blood circulatory system; particularly 

concentrating on capillaries and vibrational exposure as an improvement means of 

circulatory disorders. In general, this section introduced the usage of vibrational 
exposure on the improvement of the cardiovascular system related to recent research 

achievements, commonly met issues and steady theoretical ground to understand 

numerical and experimental research presented in the subsequent sections of the 
thesis. 

The following conclusions were drawn from the completed analysis: 

● The analysis of disease influenced blood circulatory disorders showed the 

need for vibrational exposure means that could induce vibrations to the 
hands and legs separately by eliminating the effect to the internal organs of 

the human body. 

● In terms of literature review, low-frequency analysis on the blood flow was 

considered for further research. Unique imitational stand of blood 
circulatory was decided to be developed, including µPIV measurement 

means. Numerical models of blood vessel, microchannel capillary and red 

blood cell were decided to be designed in the case of simplifying 
experimental studies and deeper analysis of micro-particles.  

● Prototypes of low-frequency vibrational exposure were decided to be 

designed considering the limitation of vibrations to the human body. 

According to the review of existing technological solutions, the novel 

approach of locally induced vibrations was suggested for people who are 
suffering from arthritis, diabetes mellitus and other circulatory disorders. 
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2. THEORETICAL INVESTIGATIONS OF THE VIBRATION INFLUENCE 

ON BLOOD VELOCITY IN THE CAPILLARY 

Blood circulatory disorders can lead to a various range of problems, starting 

from cold limbs and ending with an amputation or even worse. Diagnosis of initial 

causes of circulatory disorders are crucial, but mostly only in-vitro methods are 
available. Mathematical modelling of the cardiovascular system can be performed 

only with up-to-date software, comprising of specified built-in modules. In most 

cases, Comsol Multiphysics, Matlab and Ansys software can be appropriate tools for 
calculations of the cardiovascular system or its processes. Non-invasive analysis 

methods are necessary and a priority, especially when they are used in exchange of 

the in-vitro research. The red blood cell is widely analysed as a mechanical structure. 
However, there is a lack of studies where RBC’s natural frequencies are analysed. 

Moreover, there is no methodology of how to improve RBC’s movement through the 

capillary when its material properties are affected by such diseases like diabetes 

mellitus or arthritis, which increases the rigidity of erythrocyte and thus lead to the 
erythrocyte deformability problems in order to flow through the capillary. The 

theoretical analysis with high-end software tools can help to define the roots of the 

problem and invent methods of non-invasive treatment. The mechanical vibrations 
have to be analysed as an approach of a RBC’s deformability increasing tool. 

Furthermore, the number of overviewed studies describes the influence of vibrational 

therapy on the blood circulation enhancement. The findings show an increased blood 
velocity during and after the vibrational therapy. However, none of the studies were 

conducted to find the most appropriate vibrational excitation frequencies. Due to the 

scarcity of studies of the blood flow velocity changes during the vibrational excitation, 

it is necessary to investigate this phenomenon by using Comsol Multiphysics software 
and a mathematical blood vessel model. The mathematical model enables the conduct 

of studies with blood vessels by shifting mechanical and dynamical parameters, as 

well as the material properties by applying different environmental studies.  
In order to study the erythrocyte’s deformability, two separate mathematical 

models were analysed. The first model of the erythrocyte consisted of two different 

materials – membrane and lipids. For the second model, the erythrocyte was placed 

in the blood liquid material the Eigenfrequency values and the deformability modes 
were identified. The model has been designed by using SolidWorks software, which 

was imported in to the Comsol Multiphysics environment. Finally, the RBC’s 

mathematical model was introduced into the arteriole and its movement through the 
capillary was examined.  

In order to design the limbs actuator, Comsol Multiphysics studies were 

conducted to analyse natural frequencies of the vibrating glass-epoxy cantilever. The 
importance of selection of the “personal frequencies” was obtained in order to gain 

the highest influence on the blood velocity changes.  

2.1. Evaluation of fluid flow response in micro-channel to vibrational excitation  

As capillary’s displacement coincides with the surrounding soft human tissue 
movement, it has been decided to measure fluid velocity inside the capillary induced 
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by external low-frequencies vibrations. A virtual 2D model with the settings of the 
vibrating microchannel of the capillary has been designed to simplify the testing of 

the influence of different parameters’. The aim of the virtual microchannel model was 

to substitute and to reduce the demand of experimental setup for further studies. The 

virtual model enables time to be saved and costs reduced due to the variability of 
different parameters that can be changed easily.   

Comsol Multiphysics software has been used to perform operations with 

coupled systems of partial differential equations. At each computational step, the fluid 
flow field and the structure have been evolved as a coupled system. The flow and 

structure interaction forces were immediately accounted and their resultant motions 

enforced in each step. Before designing the model, the research studies of 
microchannels analysis [68, 69] were overviewed, as well as the built-in blood vessel 

model being deeply analysed.  

The first, simplified 2D model (Fig. 14 (a, b)) was created to investigate 

alterations of fluid properties affecting it on various vibrational actions. The channel 
model of 1 mm length and 8 µm diameter was built with reference to the vascular 

graft tubes that are planned to be used for the experimental setup. Part of the channel 

of 0.15 mm length was placed in the human tissue properties imitating model. The 
microchannel was fulfilled by the liquid containing blood material properties. The 

density of 1060 kg/m3 and the dynamic viscosity of 0.005 Ns/m2 has been defined. 

The fluid-structure interaction (FSI) study has been selected as the most compatible 
according to the model and its parts. Usability of this particular study is recommended 

when modelling the interaction of deformable structure with flowing fluid. Some FSI 

applications include cell bio-mechanics modules as cell deformation, fluid dynamics, 

ciliary beating, etc. This type of study enables researchers to observe fundamental 
physics on the sophisticated numerical calculations between fluids and solids. 

a) b)  

Fig. 14. 2D (a) COMSOL Multiphysics software models of fluid filled microchannel placed 
in human tissue; (b) schematic drawing. 

The fluid-structure interaction problem can be defined by Ω, including structural 

domain Ωs and the fluid domain Ωf, with an external boundary Г. The fluid-structure 

interaction is defined by Гs= Ωs∩ Ωf. Fluid and structure dynamics can be defined as 

a result of the D’Alembert’s principle [70]: 

𝜌𝑣𝑖 − 𝜎𝑖𝑗,𝑗 + 𝑓𝑖 = 0̇  (2.1.1) 
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where fi is the body force, 𝜌 is the mass density and 𝜎𝑖𝑗,𝑗  represents the stress 

component. In the Structural domain, the equation is defined as 

𝜌𝑠�̇�𝑖𝑗,𝑗
𝑠 + 𝑓𝑖

𝑠 = 0, in Ω̅s (2.1.2) 

where the superscript, s, labels the amount linked with the structure. The velocity, 

𝑣𝑖
𝑠is the material (or total) time derivative of the displacement field 𝑢𝑖

𝑠, i.e., 𝑣𝑖
𝑠 = 𝑢𝑖

�̇� . 
Equation (2.1.2) is usually used to describe the Lagrangian theorem. The first term of 

the equation (2.1.2) is linked with inertia and the second one – with internal stresses. 
In the case of describing the material as linear elastic, the structural stress will be 

described by Hooke’s law; i.e., 

𝜎𝑖𝑗
𝑠 = 𝜆𝛿𝑖𝑗휀𝑙𝑙 + 2𝐺휀𝑖𝑗  (2.1.3) 

where the structural stress 𝜎𝑖𝑗
𝑠 is a function of the strains, 휀𝑖𝑗 and the Lame constants 𝜆 

and G, which are determined by 

휀𝑖𝑗 =
1

2
(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖), (2.1.4) 

𝐺 =
𝐸

2(1 + 𝑣)
, (2.1.5) 

𝜆 =
𝐸𝑣

(1 + 𝑣)(1 − 2𝑣)
 (2.1.6) 

where E is the Young’s modulus and v is the Poisson’s ratio. In the fluid domain, the 
equation is written as 

𝜌𝑓𝑣𝑖
𝑓 − 𝜎𝑖𝑗,𝑗

𝑓 + 𝑓𝑖
𝑓 = 0,

̇
 in Ω̅𝑓 (2.1.7) 

which is usually standing for the Eulerian description. In the inertia term, equation is 
given by  

𝑣𝑖
𝑓

=
𝑑𝑣𝑖

𝑓

𝑑𝑡
=

𝜕𝑣𝑖
𝑓

𝜕𝑡
+ 𝑣𝑗

𝑓
𝑣𝑖,𝑗

𝑓
̇

 (2.1.8) 

In the case of incompressible Newtonian fluid model, the fluid stress 𝜎𝑖𝑗
𝑓
 is given 

by 

𝜎𝑖𝑗
𝑓

= −𝑝𝛿𝑖𝑗 + 𝜏𝑖𝑗  (2.1.9) 

where 

𝜏𝑖𝑗 = 2𝜇 (𝑒𝑖𝑗 −
𝛿𝑖𝑗𝑒𝑘𝑘

3
) (2.1.10) 

𝑒𝑖𝑗 = (𝑣𝑗,𝑖
𝑓 + 𝑣𝑖,𝑗

𝑓 ), (2.1.11) 

 

The p is the static pressure used to enforce the incompressibility condition, 

𝑣𝑖,𝑖
𝑓 = 0. 

The no-slip state on the fluid-structure interaction Гs is maintained by defining 
Dirichlet and Neumann conditions as: 

𝑣𝑖
𝑠 = 𝑣𝑖

𝑓
, on Гs (2.1.12) 

𝜎𝑖𝑗
𝑠 𝑛𝑖 = 𝜎𝑖𝑗

𝑓
𝑛𝑖 , on Гs (2.1.13) 
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The equation (2.1.13) is in fact the differentiation of the displacement condition 
that both fields share the same interface, 

𝑥𝑖
𝑠 = 𝑥𝑖

𝑓
, on Гs (2.1.14) 

In some cases, the equation (2.1.14) is being used instead of (2.1.12). 

The displacement of 0.1 ÷ 8 mm on the Y-axis and sine waveform function to 
imitate oscillations varying from 1 to 6 Hz have been determined for the human tissue 

imitational model. Different angular frequency values of sine waveform enabled the 

variability of oscillations of the material, imitating the human tissue mechanical 
properties. The fluid material with reference to the experimental setup was imposed. 

The prescribed mesh displacement of the fluid material of 0 mm on the X-axis for the 

inlet and the outlet of the microchannel have been set. The prescribed mesh 

displacement of 0 mm on the Y-axis was imposed for longitudinal microchannel 
boundaries excluding fluid-solid interface boundaries. In further studies, Moving-

mesh physics has been used. This type of study enables researchers to track the 

deformation of the fluid mesh. The boundaries of contacting solid and fluid area were 
prescribed in this study. The two-way coupling conditions can be defined from the 

equations below: 

𝑣𝐹𝑙𝑢𝑖𝑑 = 𝑣𝑆𝑜𝑙𝑖𝑑 (2.1.15) 

𝑣𝑆𝑜𝑙𝑖𝑑 =
𝜕𝑢𝑆𝑜𝑙𝑖𝑑

𝜕𝑡
 (2.1.16) 

(𝜎 ∙ 𝑛)𝐹𝑙𝑢𝑖𝑑 = (𝜎 ∙ 𝑛)𝑆𝑜𝑙𝑖𝑑 (2.1.17) 

where v is the velocity vector, u is the displacement vector, σ is the stress tensor, and 

n is the normal vector to the FSI boundary.  
The roller movement restriction of the oscillating part of the model was chosen. 

The material properties of the oscillating part of the model were set with reference to 

the human body tissue parameters.  Vibrational movement of the oscillating part has 

been described by the sine waveform function where angular frequency, amplitude 
and phase were variable parameters. Sine wave function has been considered as the 

most compatible to define the prescribed oscillations (Equation (2.1.18)). A 3D model 

with the same properties was designed for more precise calculations (Fig. 14 (b)).  

𝑓(𝑡) = 𝐴 sin(𝜔𝑡 + 𝜑) (2.1.18) 

Incompressible Newtonian fluid flow physical model and Laminar Navier-

Stokes equations were used to define blood fluid physics. 

𝜌
𝜕u

𝜕𝑡
+ 𝜌u ∙ ∇u − ∇ ∙ (−𝑝І + 𝜂(∇u + (∇u)T) = F (2.1.19) 

∇ ∙ u = 0 (2.1.20) 

where 𝜌 is the density, u = (u, v) is the fluid velocity, p is the pressure, I is the unit 

diagonal matrix, 𝜂 is the dynamic viscosity and F is the volume force. 

This helps to define the load with a prominent pressure distribution. Open fluid 
boundaries were defined. The inlet boundary has been selected by prescribing normal 

inflow fluid velocity of 0.00065 m/s.  

The biological tissue related domains are included into the mechanical analysis 
of the study. This type of study is advanced because of the behaviour of the materials. 



 

37 

Dramatically large strains, nonlinear stress-strain connection and the 
incompressibility property of hyper-elastic material are the main issues that must be 

considered when properties of biological materials are involved.  It is essential to 

properly define stress and strain measures. The assumptions of infinitesimal 

displacements are not acceptable. The geometrical nonlinearity could be prescribed 
when the strains are larger than a few percent and the loading of the body depends on 

the deformation. In the case of dealing with these issues, the Nonlinear Structural 

Material Module has been used. In the case of small displacements and strains, the 
linear elastic material model can be used. According to these assumptions, muscle 

material properties of 1200 kg/m3 density, coefficient µ of 6.20*106 N/m2, bulk 

modulus of 20µ, Poisson’s ratio ν of 0.45 and elastic modulus of 1.16*106 N/m2 have 
been prescribed. The time domain and stationary studies can be selected for an 

analysis of fluid dynamics. The further boundary conditions of the model are 

described below. 

A no-slip boundary condition was designated on all walls. The displacement of 
the Y-axis (at 2D model) and the displacement of the X-axis (at 3D model) with the 

waveform function to imitate oscillations were used. Time dependent study duration 

of 10 seconds with the step of 0.1 second was specified for all the calculations. The 
structure imitating capillary covering human tissue was a flexible material with the 

following parameters: density of 30 kg/m3, Young’s modulus of 25 MPa and 

Poisson’s ratio of 0.5 [69, 71].  
On the COMSOL Multiphysics model; the cross-section changes of the velocity 

values were investigated after effecting the fluid on different frequencies’ values. The 

changes of fluid velocity were monitored at the middle of the microchannel. The 

results were obtained by using the model of a microchannel of 8 µm diameter. The 
peak fluid velocity of the oscillating model on 4.3 Hz vibrations was 2.74 mm/s, while 

the maximum value of all the gathered data reached 3.23 mm/s (Fig. 15). The average 

blood flow velocity during the oscillations of 4.3 Hz frequency was 0.98 mm/s. The 
initial velocity increased by 66.3 %. The results show the raised average and peak 

velocity values on each mean of the given low frequencies. It was also observed that 

at some moments the direction of the fluid velocity was negative. In some cases the 

turbulent flow marks could be seen. This depends on the amplitude of the oscillating 
part and the frequency value. This phenomenon can be observed in Fig. 16 (a) and (b) 

when the velocity curve form at certain time moments is close to horizontal.  
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a)  

b)  

Fig. 15. Fluid velocity spectrogram (a) and field (b) during 4.3 Hz vibration exposure. 
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a)  

b)  

Fig. 16. Fluid velocity fields during the vibration exposure of 4.3 Hz (a) and (b) 5.8 Hz 

frequencies and the amplitude of 6 mm. 

Different microchannel diameters require different frequency and amplitude 
values in order to reach the same result of velocity changes and turbulent flow marks. 

These results were detected in the enhancing microchannel diameter up to 8 mm. 



 

40 

Therefore it is necessary to identify the purpose where the improvement of blood flow 
velocity would be the most effective and adapt the model to these findings.  

The COMSOL Multiphysics was the proper choice for the simulation of the 

liquid flow in micro-channel imitating capillaries. The study made by Lythgo et al. 

[38] notes an increase of blood cell velocity of the femoral artery by 33 % on 10–30 
Hz. Moreover, based on the findings of this study, it was mentioned that a vibration 

amplitude of 2.5 mm coupled with vibration frequencies in the order 5 – 20 Hz 

produced significant increases in leg blood flow. Our study obtained results that 
indicated the increase of momentum fluid flow velocity of more than 4 times on 4.3 

Hz oscillations and 6 mm displacement. It could be argued that proper vibrations 

enhance blood circulation on separate vessels of human limbs and could be used as a 
method to enhance blood flow on diabetic limbs. No significant change in the fluid 

velocity were recorded on higher frequencies of 49 Hz with low displacement 

amplitude of <1 mm. The velocity field diagrams and spectrograms were comparable 

for oscillating micro-channels on the same frequencies and displacement values in 
both the experimental and computer modelling results. Similar results therefore leads 

researchers to use virtual model instead of experimental investigations in future 

studies. It was defined that the different micro-channels’ diameters require different 
vibration values to enhance fluid flow rate. It is essential to choose proper frequencies 

on stimulating human limb capillaries. A computer modelling platform enables 

researchers to make investigations on shifting parameters with a less time consuming 
method. The human tissue analysis method [72] will be implemented with the purpose 

of individual excitation frequency identification.  

Ability to increase blood flow velocity could be essential in solving blood 

circulation problems caused by diabetes mellitus. Momentum and average velocity 
increases were noted at the tube affected by the external vibrations. Studies made by 

Huang et al. [73] shows a significant decrease in red blood cell velocity in capillaries 

in diabetic mice. Considering that further investigations of the flowing erythrocyte in 
the vibrating arteriole and capillary are foreseen to be carry out. Different material 

properties of erythrocyte will be used with reference to biochemical changes in the 

membrane structure in type 2 diabetes mellitus [74] and unaffected erythrocyte. 

Previous vibrational training influence studies were performed using vibrating 
plates with amplitudes ranging from 2 to 6 mm and frequencies ranging from 20 to 50 

Hz [26, 28, 38, 39, 40, 41 & 42]. In most cases it is noticed that further studies on 

amplitude selection influence should be done. Martinez-Pardo et al. [75] had made a 
study investigating high and low amplitude effects on the development of strength, 

mechanical power of the lower limb, and body composition. They have found that 

high amplitude (4 mm) of whole body vibrational training a useful tool when looking 
for improved fitness and a full workout. Our study shows an increase in fluid flow 

velocity on major amplitudes as well, starting from 3.4 mm amplitude up to 8 mm. 

During the experiment, the highest velocity changes were obtained on measurements 

of 4.3 Hz and 6 mm, 5 Hz and 5.4 mm, 5.4 Hz and 8 mm, 4.8 Hz and 3.4 mm, 5.8 Hz 
and 6 mm. The studies, by using higher frequencies than 20 Hz coupling with low 

displacement amplitude (up to 1 mm), showed the results with non-significant 



 

41 

velocity changes. Based on these findings, further analysis was not conducted on 
higher frequencies. 

2.2. Evaluation of red blood cell’s natural frequencies 

The red blood cell or erythrocytes is a biconcave shape cell and its mechanical 

properties mostly depends on membrane mechanical properties. Erythrocyte contains 
a constant volume of cytosol which is protected by the membrane. The high 

deformability of the membrane allows the RBC to float through the capillary, which 

has smaller diameter. The mean value of diameter of a healthy patient’s erythrocyte 
is 7.34 μm and thickness ranges from 1.4 to 2.4 μm. The thickness of membrane is 

200 nm [76]. The most reviewed studies analyse erythrocyte as a structure consisting 

of RBC membrane and cytosol liquid. In our case, a similar model has been designed 
and analysed.  

 

Fig. 17. Erythrocyte mechanical model (a) and composition (b) [82] 

There are various studies where RBC’s deformability is analysed [77, 78, 79, 

80, 81] but the mechanical behaviour of the membrane is not clearly defined. Thus, 
the material properties of RBC’s membrane can be found defined as Linear or 

Hyperelastic in a number of papers. Furthermore, different material models, like Neo-

Hookean or Yeoh, are used. However, the majority of material properties are almost 

the same in most studies. The erythrocyte mechanical model has been designed by 
using SolidWorks software and then imported to COMSOL Multiphysics software 

(Fig. 18). The diameter of the model is 8.7 μm and the thickness is equal to 2.2 μm 

when the thickness of the membrane is 200 nm. λ and μ are the Lamé constants that 
describes the elasticity of the isotropic composite membrane. Generally, these 

parameters describe the viscoelastic response of the composite membrane to in-plane 

deformation [82]. The membrane is considered as a Hyperelastic material, Lamé 

coefficients have been defined regarding previous studies and is prescribed equally to 
103 N/m2 [83], in addition, both Lamé constants have been considered as equal (μ=λ) 

[84]. Membrane as linear elastic material has been analysed because there are no 

findings that could clearly define its material properties and behaviour. The material 
properties of the membrane are listed in Table 1. Initial pressure of 5333 Pa has been 

prescribed pursuant to the blood pressure in the capillary (40 mm Hg). According to 
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various papers, the density of cytosol liquid is equal at 1200 kg/m3 and the viscosity 
at 0.006 Pa s. In some papers, it is considered as eight times higher compared to water 

viscosity [85]. Thus, the water material has been defined and the parameter of 

Dynamic viscosity has been multiplied by eight. In the case of the study where RBC 

was placed into the liquid, the blood material properties have been defined for a 
surrounding liquid. 

Table 1. Erythrocyte (RBC) membrane’s material properties [86, 87] 

Parameter Value 
Density 1100 kg/m3 

Poisson ratio 0.49 – 0.499 
Young’s modulus 4500 Pa 

 A number of different types of calculations have been used. First, Solid 

mechanics physics has been used for the analysis of the RBC’s membrane natural 
frequencies. This type of study excludes the influence of fluid that reduces the natural 

frequencies of a solid body. Therefore, the Acoustic-Solid Interaction Frequency 

domain module has been used for the Eigenfrequency analysis of the fluid consistent 

model where cytosolic liquid has been taken into consideration. The desired number 
of eigenfrequencies calculations initially were set to 30, but according to the results 

this number was reduced to 20 for further calculations. After all, the RBC has been 

placed into the blood liquid to identify the changes of Eigenfrequency values 
depending on the medium. The cytosolic fluid has been considered as viscous fluid 

and the Bulk viscosity had to be prescribed. In the literature, it is noted that it may 

vary from 0.1 to 0.8 Pa s. The mean value of 0.4 Pa s has been prescribed. Blood’s 

(37o C) Bulk viscosity parameter was taken equal to 3.4 * 10-3 Pa s at the 
environmental temperature of 36.6o C. The physics-controlled mesh of extremely fine 

grid has been selected.  

 

Fig. 18. Erythrocyte (red blood cell) model 

The number of studies where RBC’s rigidity were investigated provide findings 
of increasing rigidity of erythrocyte membrane in the case of diabetes mellitus or other 
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diseases. The consensus is unequivocal that the Young’s modulus increases on 
diabetics. Thus converts the erythrocyte, as hardly deformable material, especially in 

the case of entering a capillary. The deformability is significantly lower as Young’s 

modulus is much higher in diabetics compared with healthy patients [88]. In one 

study, an atomic force microscope has been used to investigate changes of Young’s 
modulus on blood samples affected by diabetes mellitus. The results show that 

Young’s modulus can increase greater than 3 times in diabetics patients compared 

with healthy ones [89]. The healthy patient erythrocyte is able to enter the 
microchannel of 3 µm considering that its non-deformed diameter is 7.5 µm (Fig. 19). 

Understanding the behaviour of the RBC’s shape deformability (Fig. 19 c)) it was 

decided to investigate its natural frequencies and define displacements of the cell’s 
membrane that would enable RBC to enter the capillary more fluently.  

 

Fig. 19. Erythrocyte deformability [90]: a) RBC top projection (thickness); b) non-deformed 

RBC, front projection (diameter); c) partly deformed RBC (parachute form); d) fully 

deformed RBC in the narrowest capillary channel 

First, the Eigenfrequency analysis has been performed on RBC’s membrane, 

excluding the cytosolic liquid and the environmental parameters. The purpose of this 
study was to identify the deformability of the membrane, depending on the natural 

frequencies. It is known that the erythrocyte enters the capillary by bending and 

changing its disc form. The natural frequencies of the same or similar shape has been 
an objective of the Eigenfrequency analysis.  

The results of the erythrocyte’s membrane natural frequencies has been 

analysed. Shapes of deformed membrane could be compared to one at the moment of 
entering the capillary. These shapes have been identified on the frequency value of 

2.01 x 105 Hz (Fig. 20 left) and 1.11 x 105 Hz (Fig. 20 right). No appropriate shape 

deformations were identified on lower frequency range values (up to 50 Hz).  

 

Fig. 20. Shapes of deformed erythrocyte at 2.01 x 105 Hz (left) and 1.11 x 105 Hz (right) 
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Further analysis has been conducted by using the Acoustic-Solid Interaction 
Frequency domain study. The model of this study contained cytosolic liquid, thereby 

the obtained results of frequencies and deformations of the membrane were different. 

First, the healthy patient’s RBC has been analysed and the highest displacements of 

actual areas were obtained on 1.47 Hz.  

 

Fig. 21. Deformations of healthy patient erythrocyte at 1.47 Hz  

 

Fig. 22. Deformations of non-healthy patient erythrocyte with 3 times higher Young’s 

modulus at 1.87 Hz 
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The higher values of the Young’s modulus parameter increase the natural 
frequencies values. It can be obtained that the red blood cell may be deformed more 

fluently by affecting it with an external vibrational excitations of low frequencies. 

However, these results had to be compared with the immersed model that is more 

adequate to the natural environment. When the mechanical structures are immersed in 
a fluid, their natural frequencies are reduced. The fluid, as a source of damping, 

induces changes of the mode shapes, thus it was crucial to conduct this type of study. 

The problem was defined as a coupled acoustic-structure eigenvalue analysis and the 
damping was accounted due to the fluid viscosity by including a viscous loss term. 

The model of erythrocyte comprising cytosolic liquid and immersed in blood 

has been designed (Fig. 23). A cylinder shape, imitating part of blood vessel, has been 
designed in which the erythrocyte model has been immersed. 

 

Fig. 23. Erythrocyte immersed in blood liquid 

First, the analysis of natural frequencies has been conducted to a healthy patient 

erythrocyte. Next, the Eigenfrequency study was performed for a prescribed model 

with three times higher Young’s modulus of 13500 N/m2 [88]. The natural frequencies 

of 2.34 Hz (Fig. 24) were defined for a healthy patient erythrocyte as the most 
appropriate, by deforming RBC for a more fluent entrance to the capillary. The 

Eigenfrequency of 4.02 Hz (Fig. 25) of damaged erythrocyte with membrane material 

of a three times higher Young’s modulus has been obtained. The natural frequencies 
of the disease affected patient erythrocyte vary from 0.4 Hz to 48 Hz according to 

calculations by changing the Young’s modulus and Poisson’s ratio.  
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Fig. 24. RBC’s displacement at Eigenfrequencies of 2.34 Hz 

 

Fig. 25. RBC’s displacement at Eigenfrequencies of 4.02 Hz 
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The results of the Eigenfrequency study have showed the RBC’s areas of 
deformation at the lower frequency ranges. Basically the outer area of the membrane 

is mostly affected. This phenomenon could be compared to the natural deformations 

of RBC’s by entering the capillary. The increase of deformability of the erythrocyte 

during the vibrational excitation on low-frequencies could be an effective way of 
rehabilitation for various diseases. Vibrational exposure is suggested as an approach 

of reduced friction in dynamics of the RBC’s movement through the capillary. 

Therefore, further related investigations have been conducted.   

2.3. Evaluation of RBC’s deformability and maximum contact pressure 

alterations on the effect of vibrational oscillations 

The red blood cell’s flow by entering capillary has been analysed. Static and 
dynamic analysis has been conducted. A 2D model of immersed erythrocyte has been 

designed and a fluid-structure interaction study was performed. The RBC’s membrane 

material property of Young’s modulus has been changed during the different stages 

of investigation. A healthy patient erythrocyte of 4500 N/m2 and a three times higher 
of 13500 N/m2 for disease affected RBC has been used. In most papers, the 

erythrocyte’s membrane is defined as hyperelastic material while in others as a linear 

elastic one. Studies of both different types of material of RBC’s membrane has been 
conducted. To initiate RBC’s deformability on the tapering channel, the contact pair 

parameter has been defined between the membrane’s outer boundaries and capillary’s 

walls. Inlet and outlet fluid boundaries were defined on the right and left sides of the 
model respectively. Yeoh mesh smoothing type and fluid as an incompressible flow 

was prescribed for this type of study. The erythrocyte’s movement through the 

channel was defined by the function of prescribed displacement and using a 

displacement parameter to identify the steps of the stationary study. The erythrocyte 
model has been immersed in the model of fluid with material properties of blood. 

Initial experiments were made without oscillating the whole model. The maximum 

contact pressure parameter was observed on the contact pair erythrocyte membrane-
capillary wall surface. Contact pressure analytically can be defined as a function on 

the x axis by the equation [91]: 

𝑃 = √
𝐹𝑛𝐸′

2𝜋𝑅′
× (1 − (

𝑥

𝑎
)

2

) (2.3.1) 

𝑎 = √
8𝐹𝑛𝑅′

𝜋𝐸′
 (2.3.2) 

Where Fn is the applied load per unit length, E’ is the combined elasticity 

modulus, and R is the combined radius. The equations of combined Young’s modulus 
and radius are listed below: 

𝐸′ =
2𝐸1𝐸2

𝐸2(1 − 𝑣1
2) + 𝐸1(1 − 𝑣2

2)
, (2.3.3) 

𝑅′ = lim
𝑅2→∞

𝑅1𝑅2

𝑅1𝑅2
= 𝑅1 (2.3.4) 
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Young’s modulus of erythrocyte’s membrane and capillary wall are defined by 
E1 and E2 respectively and R1 is the radius of the erythrocyte upper part. The Penalty 

contact method has been used to assess the applied load at the contact boundary. This 

parameter can be expressed by using the local value of the contact gap distance 

variable g, constant penalty factor δ and an estimated contact pressure T0: 

𝑇𝑛 = {

𝑇0 − 𝐸ℎ𝑚𝑖𝑛𝛿𝑔       𝑖𝑓 (𝑔 ≤ 0)

𝑇
0𝑒

−
𝐸ℎ𝑚𝑖𝑛𝛿𝑔

𝑇0                𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (2.3.5) 

If the interference (g<0) occurs, the applied load is linearly increased using a 

penalty stiffness, the minimum element size on the contact pair boundary and a 
penalty factor δ. Using this method is not necessary to define an extra variable for the 

contact pressure. 

The experiments with prescribed oscillating movement of the liner elastic part 
of the model had been conducted. Displacement of the oscillating part had been 

defined in the range of 5 mm to 2 cm with 5 mm steps. The main results are listed 

below (Fig. 26, Fig. 27, Fig. 28, Fig. 29 & Fig. 30). 
The deformability of healthy patient erythrocyte during the stage of entrance to 

the capillary has been investigated. The maximum contact pressure on the surface of 

the RBC was observed. In Fig. 26, the entrance of healthy patient erythrocyte is shown 

with the value of a maximum contact pressure of 29.8 N/m2. After increasing the 
stiffness of the RBC by three times, the maximum contact pressure increased by three 

times also, up to 89.4 N/m2 (Fig. 27). 

 

Fig. 26. Healthy patient RBC without vibrational oscillations 
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Fig. 27. Disease affected patient RBC without vibrational oscillations 

The same parameters were investigated during the disease affected patient 

RBC’s flow, by inducing vibrational oscillations to the model. First, the vibrations of 
3 Hz frequencies and 5 mm displacement were prescribed. The maximum contact 

pressure has increased up to 95.9 N/m2 (Fig. 28) at the same moment of entrance. The 

displacement has been increased by 5 mm. The mean of contact pressure increased up 

to 96.2 N/m2.  
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Fig. 28. Disease affected patient RBC on vibrational exposure of 3 Hz with 5 mm 

displacement 

After increasing the displacement up to 15 mm, the monitored value had 

decreased and was equal to 87.3 N/m2. This mean is lower compared to the non-
vibrating model. Furthermore, enhanced displacement of the moving model by 20 mm 

had the lowest value of maximum contact pressure of 64.1 N/m2 ,which is nearly twice 

higher compared to the healthy patient erythrocyte and 28.2 N/m2 lower in proportion 
to disease affected patient RBC. However, by increasing the amplitude higher than 5 

mm, negative results where contact pressure increased up to 104 N/m2 were achieved. 

The monitored values of increased displacement up to 50 mm did not show any 

reduction of maximum contact pressure between the erythrocyte and capillary walls. 
It has been observed that the displacement ranging from 13 mm to 22 mm decreases 

the maximum contact pressure value and are desirable during the vibrational 

oscillations at a 3 Hz frequency. Moreover, the displacement in the range from 0.6 
mm to 2 mm in tandem with a 4 Hz frequency obtained a decrease of maximum 

contact pressure by 41.2 N/m2.  

The other form of RBC deformation has been observed as well. Sometimes, 
pathological disorders affects the form of RBC. In this case, the erythrocyte without 

indentation in the middle of the body has been analysed. The maximum contact 

pressure values were higher, even during the natural entrance without affecting it by 

external vibrations (Fig. 30). Further analysis has to be done in comparison of 
different forms of the RBC and influence of vibrational excitation.  
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Fig. 29. Disease’s affected patient RBC on vibrational exposure of 3 Hz with 20 mm 

displacement 

 

Fig. 30. Different form erythrocyte entering capillary without affecting by external vibrations 

Similar results have been obtained on transforming the Hyperelastic material 
properties to the Linear Elastic. The values of the maximum contact pressure of stiffer 
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erythrocyte decreased in the range of 10 – 22 mm of displacement at the 3 Hz 
frequency. However, the decrease was significantly lower in all cases.  

2.4. Section Conclusions 

As it was noted before, the low-frequency vibrational excitations could be used 

for an improvement of human blood flow. However, there is a lack of numerical 
analysis studies made on investigating the cause of positive effect. Thus, meeting the 

objectives of research; the blood flow on the microchannel of capillary and 

erythrocyte’s deformability analysis has been made by using the COMSOL 
Multiphysics software.  

Designed models of micro channel and erythrocyte enables researchers to make 

an analysis of the external mechanical vibrations influence on blood flow velocity and 
deformability of the body structure. Furthermore, the deeper mechanical analysis of 

micro cells can be executed by investigating Eigenfrequencies and its dependence on 

various input parameters of the model.  

The numerical simulations performed throughout the research may be grouped 
in a few case studies: i) Evaluation of fluid flow improvement in the micro channel 

due to vibrational excitation; ii) Evaluation of RBC’s natural frequencies depending 

on changes of material properties of rigidity; iii) Evaluation of erythrocyte’s 
deformability improvement by using external vibrational oscillations. 

Main conclusions drawn from the numerical simulation results are the 

following: 
● COMSOL Multiphysics modelling results of the blood flow through the 

results enables reliable use of computer models for further studies. 

Numerical analysis showed that low frequency (from 4 to 8 Hz) and 

higher amplitude (from 3.4 to 8 mm) of external vibrations could 

significantly increase blood flow. However higher frequencies 
combined with lower amplitudes did not give similar results. The 

beating phenomenon method could be used for creating the prescribed 

vibrations on a human’s limbs. 
● Three types of natural frequencies’ analysis has been done for the 

erythrocyte’s membrane: as a solid model without interaction with 

liquid; as a solid containing cytosol and as an immersed solid containing 

cytosol. The Eigenfrequencies’ studies of immersed erythrocyte have 
shown that lower frequencies could be used in the case of deformability 

of morbid RBC. The frequencies of 4.02 Hz affect the outer areas of the 

cell, thus provides higher deformability of the membrane with enhanced 
rigidity. Further analysis should be done in case of clearly defining the 

erythrocyte’s material properties.  

● Healthy and disease affected erythrocyte’s entrance to the capillary 

study has been conducted. The results showed that vibrational 
excitations of 3 Hz frequency, coupled with the displacement ranging 

from 13 to 22 mm, lowered the maximum contact pressure value by 28 

% at the contact of the erythrocyte’s and capillary’s wall in the study of 

RBC with three times increased stiffness. The maximum contact 
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pressure increased when higher displacement than 22 mm occurred 
during the same frequency vibrational excitation. The lower 

displacement in a couple with 4 Hz frequency obtained a decrease of 

the maximum contact pressure by 54 %. 

According to the results of the experiments, it was decided to develop a vibrating 
bracelet for experiments on a human’s hand. Identified motor regimes will allow 

researchers to generate the correct vibrations when using them on a human’s limbs. 

This would allow researchers to gather the physiological parameter changes. Next, it 
is planned to make an investigation of blood circulation with a leg vibrating machine.  

The vibrating bracelet device and vibration training machine for legs are 

developed and will be used for further experiments with humans suffering from 
diabetes mellitus. Identification and computation methodology of rheological 

properties [72] of the human body surface tissue will be integrated to choose the 

proper frequency for every person. The results of the planned studies will enable 

researchers to identify the proper and optimal limb frequency of each person 
individually. 
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3. DEVELOPMENT OF BLOOD FLOW IMPROVEMENT ACTUATORS  

An overview of the existing applications of vibrational technologies in the 

healthcare field have provided an understanding of the needs and manner to solve 

problems of blood flow disorders. Accessible means are designed for different 

problems but all have relations with issues of insufficient blood circulation. In most 
cases, the vibratory movement of higher than 20 Hz frequency is used. This is the 

most significant difference separating the suggested approach from the existing 

solutions. Side effects to long-term vibration exposure to the internal organs are well 
known. Considering this, it was decided to develop devices by using locally adopted 

technological solutions. With the importance in mind of sufficient blood flow, 

especially in limbs, the devices have been developed for these human body parts 
actuation. 

The importance of safety issues has to be considered in the case of development 

of human body interacting devices. Low voltage electrical components have been 

selected, ensuring assessment of possible injury issues. The accessibility dimension 
for people with disabilities was estimated in the cases of Arthritis or Diabetes mellitus.  

From the technical point of view, sufficient and directly transferred force were 

the main issues to solve. Low-frequency vibrational excitations by generating 
considerable displacement was the main aim. Furthermore, the vibrational actuation 

should be transmitted directly to the limb, avoiding any loses so the source 

components should be coupled motionlessly with the excited part of human body.  
Size and weight of the developed actuators were also relevant. The importance 

of usability at home, as well as transportation, were extremely high. Transportation 

matters are crucial, because the treatment of circulatory disorders should be performed 

daily. Furthermore, the device control has to be simple, without the need of any 
specific knowledge. Safety issues should be considered, therefore the rotating and 

electrical parts have to be covered to eliminate human interaction.  

The aim of previously conducted numerical research was to define the proper 
working range of vibrational exposure devices for a solution of specific problems of 

blood flow disorders. The extraction of concentrated axial vibrations through the 

interaction with specific parts of human body, which have various degrees of freedom, 

has been taken into consideration as the most important issue. The variability of 
weights of human body parts has been calculated and estimated in the case of 

providing sufficient vibrations. Improvement of the quality of life for people with 

diseases of circulatory disorders is the main purpose of the developed actuators. 

3.1. Actuator for the human hands  

Stimulation of blood circulation by external vibration should be from one to two 

minutes. As it was noted previously, the low frequencies are considered more efficient 
to improve blood flow than high frequencies. But the additional higher frequency 

component on the main low frequency is suitable in many cases. As capillaries are 

considered as the “second heart” the mechanical vibrations could be useful for the 

human limbs actuation and the intensification of the blood circulation in the human 
body. Sufficient force has to be generated in the case of vibrational excitation on 
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human limbs. To ensure low frequency vibrations and higher than 1 mm limb 
amplitude, the beating phenomenon has been considered as the most appropriate. 

Otherwise, high voltage and heavy motors have to be selected in the case of aspiration 

of low-frequencies.  

The beating phenomenon [92] occurs when two harmonically oscillating 
pendulums (signals of their vibrations are shown in Fig. 31, a and b of slightly 

different frequencies are impressed on a body. They are a periodic variation in 

vibration at a frequency that is the difference between to two frequencies. 

 

Fig. 31. Beating phenomenon occurrence [92] 

The beating phenomenon enables the transfer of energy in to the system where 
low-frequency vibrations could be induced by coupling two high-frequency sources. 

The beating phenomenon is part of the classical theory of mechanical vibrations, but 

its beneficial facilities are not widely used in contemporary technologies. The 

equation of motion of the pendulums without damping can be acquired from the 
equation [93]: 

[
1 𝜇𝛼𝜇
𝛼 1

] [
𝑥1̈

𝑥2̈
] + [

𝜔1
2 0

0 𝜔2
2] [

𝑥1

𝑥2
] = [

0
0

] (3.1.1) 

where, µ  mass ratio,𝜔1 – natural frequency of the structure and 𝜔2, - is the 

natural frequency of the damper, 𝑥1 and 𝑥2 – systems’ displacements,  

The modal frequencies of this system are given by: 

�̅�1,2 = √
𝜔1

2 + 𝜔2
2(1 + 𝜇) ± Π

2(1 + 𝜇 − 𝛼2𝜇)
 (3.1.2) 

where Π = (𝜔1
2 − 𝜔2

2(1 + 𝜇))2 + 4𝜔1
2𝜔2

2𝛼2𝜇 

The parameter α is responsible for the beat phenomenon.  
If the primary and the secondary systems are damped, equation of motion 

applies: 

[
1 𝜇𝛼𝜇
𝛼 1

] [
𝑥1̈

𝑥2̈
] + [

2𝜔1ζ1 0

0 𝜔2
2ζ|𝑥2̇|/4𝑔

] [
𝑥1̇

𝑥2̇
] + [

𝜔1
2 0

0 𝜔2
2] [

𝑥1

𝑥2
] = [

0
0

] (3.1.3) 

where ζ is the head loss coefficient and  𝑔 gravitational acceleration. This 

equation can be numerically integrated at different levels of the ζ coefficient. The 
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graphical interpretation of the differences of the beat response and head loss 
coefficient are shown on Figure (Fig. 32). 

 

Fig. 32. Time histories of response for ξ= 0.2 (a), 2 (b) and 50 (c) 

In the case of low-vibration exposure on the human limbs, the induction of the 
beating phenomenon has been chosen as the most suitable approach. To generate 

sufficient force to the limbs, the proper apparatus had to be chosen. In this case, the 

force induced while beating was calculated before selecting the electromechanical 

motors and designing unbalanced masses. It was considered that the average weight 
of handbreadth of the human hand is about 400g, therefore the sufficient generated 

force has to be at least twice as higher. As the proper vibrating motors with unbalanced 

masses were not found on the market, it was decided to choose an existing motor and 
to design the unbalanced mass. In the case, two vibrating motors for beating 

phenomenon and the calculated mechanical parameters were divided by two. 

Avoiding possible harm to the human body, high frequencies of the rotating 

unbalanced masses have not to exceed 100 Hz.  
It was considered that a spring-mass system was constrained to move only in a 

vertical direction and excited by unbalanced rotating mass (Fig. 33). Here x is the 

displacement, m is the mass of the eccentric and r is the distance from the motor shaft 

to the centre of the eccentric mass (r is usually called eccentricity e), ⍵ is the angular 

velocity, M is bulk mass of the whole system and F0 is the constant load. Then the 

equation of motion is: 
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(𝑀 − 𝑚)
𝑑2𝑥

𝑑𝑡2
+ 𝑐

𝑑𝑥

𝑑𝑡
+ 𝑘𝑥 = 𝐹0 sin(𝜔𝑡) 

 
(3.1.4) 

The generated force can be calculated from the simple equation below: 

𝐹 = 𝑚𝑟𝜔2 
 

(3.1.5) 

 

Fig. 33. Scheme of the motor with unbalanced mass system on the shaft [94] 

It has been calculated that the angular speed of the motor should be equal or 

higher than 2000 rpm. The upper limit of this speed is desired up to 5700 rpm. In 

this range of operation, the force induced by the beating phenomenon can be ranged 

from 6 to 42 N.  
According to the calculations, overall dimensions and electrical parameters, 

the JOHNSON 20703 electromechanical motors were chosen as most eligible. 

Below, the main parameters of this motor are given (Table 2). 

Table 2. JOHNSON 20703 motor parameters 

Name Value 
Voltage 3-13 V 
Current 0.24 A 
RPM 2989-5977 

Rotor dimensions 13 x 2 mm 

Motor dimensions (LxØ) 31 x 24 mm 
 

For human handbreadth excitation the vibrating bracelet was developed for 

disable people as a tool for executing this exercise without any muscle effort. It could 

be useful for healthy people to simplify this exercise and enhance concentration on 
vibrational training in eliminating actuation of muscles. The main part of the vibrating 

bracelet consist of two small size, low voltage vibrating motors with unbalanced 

masses creating the beating phenomenon.. 
Beats were observed when two sine functions with near-equal frequencies were 

superimposed. When frequency ratio r ≈ 1, the forced solution for two superimposed 

frequencies is approximately [92]: 
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𝑥(𝑡) =
2𝐹0

𝑚

1

𝜔𝑛
2 − 𝜔2
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𝜔 − 𝜔𝑛

2
𝑡) cos(

𝜔 + 𝜔𝑛

2
𝑡) 

 

(3.1.6) 

Where ω frequency, t time, F0 force amplitude, m – mass, x(t) – mass 

displacement. 

Therefore, no data was given according to the motor’s RPM dependence on 
voltage. These parameters are crucial in the case of calculating the force created by 

the rotating unbalanced mass. Furthermore, the load of the unbalanced masses 

modifies the factory provided parameters. To identify these parameters a short 

experiment was made and RPM values have been registered at different voltages. The 
means were registered with photo tachometer / stroboscope Lutron DT-2259 [95]. 

The vibrational oscillations can be created by making unequal allocation of mass 

around an axis of the rotor. It is called a rotating unbalance when the centre of mass 
does not match the geometric axis. The moment caused by unbalance initiates a 

vibratory movement thus generating oscillations and displacement of the rotations’ 

source. To initiate this phenomenon, two identical masses were made to be mounted 
on the rotors of the selected electromechanical motors. Unbalance mass was designed 

by using Solidworks software and was made from AISI 1020 steel. The aim of the 

beating phenomenon was to create a force higher than 7.85 N by using small sized 

and lightweight electromechanical motors. Therefore, masses were limited by the free 
area next to the second unbalanced mass. The main parameters of the unbalanced 

masses are given below (Table 3). 

Table 3. Unbalance mass parameters 

Parameter Value 
Bulk mass 14.86 g 

Mass without unbalance 5.95 g 
Unbalance mass 8.91 g 

Whole diameter 7.5 mm 

Diameter without unbalance 4.5 mm 

Diameter by the middle of unbalance 6 mm 

 

For the evaluation of eligibility, a special experimental set up was made whose 
structural scheme is presented in Fig. 34. Two motors were fixed together linearly on 

the cantilever without any possibility to move relatively to each others direction, even 

at high level vibrations. The motors were screwed on the glass-cloth laminate (HGW) 

cantilever. The cantilever’s fixing holes were drilled at different lengths (50 mm and 
100 mm) to observe alterations of vibrations regarding the cantilever length. Motors 

were screwed at the end of this cantilever in a position to generate a vertical force. 

Primary experiments were made without using any damping element. Later on, a 
damping box package of water and air was created for further experiments to eliminate 

any possibility of cantilever resonance (Fig. 35). Inductive sensor IFM IG6084 was 

used to measure the cantilever’s frequency and displacement. The data was registered 
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by using the Oscilloscope Picoscope 3424 and the PC software ‘PicoScope 6’. Motors 
and vibrations measuring sensors were fed by three power suppliers. 

 

Fig. 34. Structural scheme of the vibrating platform and measuring elements 

 

Fig. 35. Vibrating motors (3) on the cantilever (2) with damping element (1) and 

displacement sensor (4) on the top 

The rotor’s RPM alterations on the supplied voltage was investigated. The 

experiment was conducted by starting the motor’s rotations at 4 V with registered 
1370 rpm. The value of RPM has been registered at every 0.5 V. Angular speed was 

increased by approximately 200 rpm. At the peak value of 16.5 V, the motor’s rotor 

had reached nearly the highest mean that is noted in the datasheet – 5960 rpm (Fig. 

36). The collected data enabled researchers to make calculations of the generated force 
during the beating phenomenon. These parameters are essential for the evaluation and 

selection process of the availability of the electromechanical motors. 
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Fig. 36. Electrical motors RPM dependence on voltage 

Next, an experiment with one motor fixed on the cantilever was made with the 
purpose of investigating its generated force. The gathered data on different voltage 

values disclosed that the vibrating frequencies remain stable independently from the 

supplied voltage and RPM values. The value of 25 Hz was calculated by using a 
shorter cantilever (50 mm length) at a voltage range from 4 to 6.5 V (Fig. 37). In the 

case of using a damping element and when the system is out of resonance, one motor 

was not able to generate sufficient force that would be high enough to cause cantilever 
vibrations. The values of the measured vibrational frequencies’ were different with 

the longer cantilever (100 mm length), but they were not analysed deeply because of 

the presence of resonance. Therefore the usage of one motor is insufficient for wrists 

excitation purposes. 
 

 
 

Fig. 37. One motor vibrations without beat phenomenon at 24 Hz frequency 
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After the completion of experiments with one motor, another motor was fixed 
on the top of the cantilever. The most appropriate results were collected during 

experiments with two motors and using higher than 10 V voltage values (Fig. 38). 

Supplied lower voltage values were insufficient to exceed the cantilever’s resonance. 

The cantilever without the damping element was actuated in the range of displacement 
of 13 mm on the beating phenomenon. The oscillations frequency from 2 to 10 Hz 

was obtained. The beating phenomenon is clearly noticeable from the curves below 

(Fig. 38). This phenomenon occurred after the vibrating motors have generated 
enough force to surpass the cantilever resonance.  

 
a) 
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b)  

 
c) 
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d) 

 

Fig. 38. Two motors vibrations without damping: a) at 10 Hz (14.5 V – 11 V); b) at 8 Hz 

(12.5 V – 10 V); c) 6 Hz (12 V – 10 V); d) 2 Hz (11.5 V – 10 V). 

However, it has to be taken into consideration that the human wrist is made from 
various connections, joints and tissues, which causes damping. Especially if wrist is 

held raised and has no fulcrum except the shoulder joint. Therefore, it is necessary to 

investigate the cantilever’s frequencies by using a damping element. It is essential to 
find a working regime that would allow the device to generate oscillations 

independently on the wrists position or weight.  

Further experiments with a damping element have shown that electromechanical 

motors with unbalanced masses generate sufficient force to overcome the damping 
force and the system was not allowed to enter in to the resonance stage (Fig. 39). All 

observations were obtained only when the beating phenomenon occurred. During the 

measurements on the beating phenomenon, the amplitude of the cantilever’s 
movement reached 5 mm. This value is even higher compared to the existing 

solutions. Investigations of the influence on displacements’ and frequencies’ has to be 

done subsequently. However, these results have confirmed the assumptions that the 
designed cantilever platform could be used for further experiments without the 

necessity of using human body parts.  
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a) 

 

b)  
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c) 

Fig. 39. Two motors vibrations with damping: a) at 2 Hz (8V – 8 V); b) at 6 Hz (9.5 V – 8.5 

V); c) at 8 Hz (14.8 V – 14.8 V) 

Furthermore, the exciting force calculations have been conducted for each 

voltage combination in studies when the damping element was used. The values were 

divided into three groups according to the higher frequency value that could be used 
without harm to a human’s internal organs or separate body parts [96]. The first group 

of values were up to 50 Hz, second – from 51 Hz to 80 Hz and third, from 81 Hz to 

100 Hz. The calculated range of vertically generated force for the first group is from 
3.31 N to 11.54 N by using two vibrating motors. The force values for the second 

group started from 12.32 N and increased to 28.08 N. The third group values were 

distributed in the range from 26.29 N to 41.48 N. Values from the first, safest group 

are high enough to generate vibrational oscillations on a human’s wrist. The means 
were defined as sufficient to select the motors for the development of a vibrating 

bracelet prototype. This is a new approach of implementation of low frequency 

vibrational methodology with the purpose of stimulating blood circulation in human 
wrists. Similar technology of using two electromechanical motors has been claimed 

in previously described patent US 4570616 A [59]. The main difference of the 

application of the beating phenomenon in these cases is that the patented object 
consists of connected unbalanced disks, unlike the suggested approach. Furthermore, 

the proposed methodology enables the shift between different frequency values 

without the need of changing the unbalanced masses. At the end, the patented device 

was designed specifically for massage purposes. 
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The prototype of a vibrating bracelet device has been designed with the purpose 
of transferring the vibrational force perpendicularly to the palm and fingers of a 

human hand. The position of the vibrational actuator has been selected to minimize 

biomechanical damping elements (for example, wrist joint) and induce maximum 

oscillations to the palm and fingers. The virtual model of the prototype is shown at 
Fig. 40. The bracelet comprises of two vibrating motors with inwardly rotating motors 

relative to one another. Consequently this approach enables the device to induce 

vertical vibrational movement at the Y axis as it is shown at Fig. 40. 

 

Fig. 40. Virtual model of vibrational bracelet prototype fixed on the human handbreadth: (1) 

– vibration actuator and control panel; (2) – human skin interacting soft material 

The terms of reference of the vibrating bracelet control panel has been prepared 

according to the needs and application purposes. The aim of testing the device 
prototypes development for medical trials was the main reason.  

The control panel has been designed to control each motor individually with a 

step of 0.1 V and displaying the voltage on the screen. The voltage can be changed by 

pushing a button up or down. For experimental purposes, manually tuned voltage 
enables the motors to work continuously. A button for the prescribed working time 

intervals has been implemented. The purpose of this button is to set the motors to 

work for a defined time of 30, 60 and 90 seconds and continuing until 300 seconds 
with 30 second intervals, respectively with one push. The motors and control panel 

are fed by a li ion battery and can work continuously for at least 60 minutes. Charging 

can be done via a standard micro USB connector. Red and green LED indications 
define the battery capacity, charging process, turning on and off of the motor’s 

prescribed time regimes. The terms of reference of the control panel have been 

designed with the purpose of the adoption to the different parameters’ motors, thus 

the replacement of motors will not require changing the control panel. The electrical 
scheme has been designed with the possibility to integrate a Bluetooth module for data 

transmission. Selected microprocessor MSP430F2272IRHAT with 16MHz CPU 
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speed and 32KB program memory size would be sufficient for more sophisticated 
calculations. This enables to refinement of the control panel if there will be a need.  

Preliminary tests disclosed the need of pressing the vibrating motors by hand to 

eliminate leaping by the induced force. During the preliminary tests, this issue was 

solved by using plastic straps as shown on the left image of Fig. 41. According to this 
problem, the case of the bracelet has been designed (Fig. 41 right image) with the 

SolidWorks software. The case prototype, comprising three separate parts, was 

printed with a 3D printer. The main box with a 1 mm thickness wall and two covers 
(top and bottom) comprises of a plastic printed case. The vibrating motors are placed 

in the bottom part of the case, which is pressed to the hand by using the Velcro strap 

that passes through the specially designed rectangular hole. A non-elastic strap 
enables the force to be more fluently transmitted. The upper part of the case consist 

of a control panel and a cover. The battery, with a capacity of 500 mAh, is placed in 

the bottom part of the case.  

  

Fig. 41. Vibrating bracelet prototype development (left – primary prototype where vibrating 

motors (1) were fed by stationary voltage suppliers (2); right – autonomously working 3D 

printed (2) prototype comprising control panel (3), vibrating motors, battery and adjustable 
strap (1)) 

The vibrating bracelet fulfils all the previously defined needs. The autonomous 

energy supply, control panel and adjustable strap enables research and clinical trials 

to be made. Furthermore, after the identification of the patients’ needs, the case size 
can be reduced to about 20 – 50 % of volume. 

3.2. Human legs actuator  

The demand for treatment of blood circulatory disorders in legs is considerable, 

especially in Diabetes mellitus patients. Considering the legs’ weight, different 
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components have to be used to obtain the same frequencies and at least the same 
displacements as provided by the prototype of the vibrating bracelet. Therefore, more 

powerful electromechanical motors have to be selected. A new constructional 

approach of leg vibration exposure has also to be designed. 

For this reason, glass epoxy material has been considered as the most 
appropriate to transmit vibrational oscillations because of its flexibility and high cycle 

fatigue properties. The plate’s length of 485 mm and width of 400 mm were chosen 

because of comfortability and ergonomic reasons. It was decided to make a 
constructional solution with an option of changing the longitudinal position of the 

plate where the legs have to be located. Thus the machine must be comfortable for a 

persons of any height. Four fixing points are located at both sides of the end part of 
plate. Therefore, the plate is considered as a cantilever, where one end is fixed and the 

other end has displacement freedom at the Y-axis. A cross tube has been attached to 

reduce the plate’s shear deformations. Considering a human’s legs position, the 

electromechanical motors were screwed at the free end of the cantilever plate. The 
mount construction has been designed for the reason of fixing two motors 

motionlessly. The plate’s fixing points enable users to reduce the unacceptable shear 

deformations and provide concentrated vertical vibrations at the local axis of the plate 
to achieve the maximum effect. The plate was coated by a thin foam to make it more 

comfortable. 

In most cases, existing ready-made vibration motors are specified and adopted 
for various systems and it would be hard to find a suitable motor for the defined 

research. For this reason, unbalanced mass was designed by using SolidWorks 

software with parameters given in Table 4. Two identical steel imbalances were 

manufactured to be mounted on the rotors axis of the electromechanical motors to 
induce vibrations during the rotational movement, thus generating a vertical direction 

(perpendicular) force to the glass epoxy cantilever plate.  

Table 4. Unbalanced mass parameters 

Parameter Value 
Bulk mass 616,8 g 

Mass without unbalance 212,92 g 
Unbalance mass 403,88 g 

Diameter 66 mm 
Diameter without imbalance 36 mm 

 

DOGA D.C. electromechanical motors were selected because of the suitable 
dynamic properties. Both motors (Table 5, Fig. 42) with mounted unbalanced masses 

were used to induce the beating phenomenon and higher amplitude oscillations 

compared to one vibration motor. Each motor’s angular speed parameter was 
controlled by a shifting voltage on the power supply. Two rotating imbalances with 

slightly different frequencies (supplied voltage values) induce the beating 

phenomenon.  
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Fig. 42. DOGA D.C. electromechanical motors with unbalanced masses (1 – imbalance; 2 – 

motor; 3 – glass epoxy plate; 4 – foam cover) 

It is known that the beats occur when two frequencies are close together. The 
frequency of the beating phenomenon can be controlled by raising or lowering each 

motor’s supplied voltage. Transfer of energy takes place in the coupled system which 

could induce vibration in the primary system instead of suppressing them. The 

coupled equations of motion without damping in both systems can be obtained from 
equation 1, by setting the damping in each system equal to zero. 

Table 5. DOGA D.C. motor parameters 

Parameter Value 
Bulk mass 2,6 kg 

Nominal voltage 24 V 
Nominal Torque 0,75 Nm 
Nominal speed 1000 rpm 

Nominal current 5,5 V 

 

One of the main tasks of the leg vibrational actuator (Fig. 46) is to solve blood 

circulation disorders for people with disabilities. The facility of changing the slope of 
the plate’s position enables the accessibility and variability of usage in different 

environments for the different state of patients. The first prototype version has been 

designed with a facility to change the angle manually, but it is foreseen to automate 
this process. Furthermore, it is well known that raised legs increases blood flow and 

reduces poor circulation the in human body. 

Leg mass calculations have to be done before the investigation of the 
cantilever plate natural frequency. The data was collected according to the findings of 

Plagenhoef et al. (1983) studies [97]. The total legs weight is equal to 16.68 % of a 
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total males’ weight and 18.43 % of a total females’ weight. Identification of leg mass 
in dependence of different body weight was accomplished and presented in Table 6. 

These values are necessary for the material selection process of the vibrating plate and 

for Eigenfrequency analysis with Comsol Multiphysics software. 

Table 6. Leg mass identification 

Body weight Leg mass 
55 kg (female) 20.273 kg 
60 kg (female) 22.116 kg 
65 kg (female) 23.959 kg 
70 kg (female) 25.802 kg 
75 kg (male) 25.02 kg 
80 kg (male) 26.688 kg 
85 kg (male) 28.356 kg 
90 kg (male) 30.024 kg 
95 kg (male) 31.692 kg 
100 kg (male) 33.36 kg 

 
Similar principles of vibrational exposure as in the vibrating bracelet have been 

considered in the use of developing the legs actuator. Thus, Comsol Multiphysics 

software with the structural mechanics module has been used for the calculations of 
the cantilever type vibrating plate. The Structural Mechanics Module was tailor-made 

to model and simulate applications and designs in the fields of structural and solid 

mechanics. The module is dedicated to the analysis of mechanical structures that are 

subjected to static or dynamic loads. The Eigenfrequency analysis was made for the 
natural frequencies of both unloaded and loaded structures. 

A computational model of the cantilever plate has been used to assess its natural 

frequencies and response to the applied load. The cantilever plate, according to the 
engineering mechanics, is a component that is designed to support transverse loads 

that act perpendicularly to the longitudinal axis of the cantilever. The bending load is 

supported by the cantilever only, without external bracing. It is assumed that the 
cantilever has a longitudinal plane of symmetry and is fixed at only one end. Glass 

epoxy plate of the legs actuators 2D calculations has been performed.  

A rectangular shape solid model of 0.485 m length and 0.004 m thick was 

designed. The length has been selected according to the ergonomic parameters of the 
human calf. Glass epoxy material properties with a density of 2000 kg/m3, Young’s 

modulus of 17 KPa and Poisson’s ratio of 0.32 was assigned to the model (Fig. 43). 

Resonance frequency could be used if higher displacement values will be required. 
The model was fixed at the left end and the motors’ weight load was set on the right 

end with vertical direction and on the top of the human legs weight imitating load. 

Loads of leg mass of 25.02 kg and the motors bulk mass of 6.43 kg were added to the 

cantilever model at relevant places on the vibrational actuator.  
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Fig. 43. Glass epoxy cantilever plate model with legs mass load (blue arrows) and motors 

mass load (red arrow), fixed edge is indicated by dotted red line 

The designed model could be easily adjustable considering variations of input 

parameters such as length, width or load material. The model is simplified and 

requires minimal time resources for making large amounts of calculations. This model 
will be used for further studies for the purpose of identifying Eigenfrequency values 

of different heights of vibrating glass epoxy cantilever plates. A 3D model was not 

admissible due to the low efficiency of the use of time for calculations. 

The Eigenfrequency analysis of the epoxy glass cantilever plate was 
accomplished with Comsol multiphysics software. Primary calculations were without 

adding leg mass and after then tapping in the legs mass of 75 kg weight male (equal 

to the tested person). The Eigenfrequency of the glass epoxy cantilever without leg 
mass load was equal to 9.05 Hz (Fig. 44). After adding leg mass of 25.02 kg and the 

motors bulk mass of 6.43 kg, the Eigenfrequency value decreased to 3.28 Hz (Fig. 

45).  
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Fig. 44. Eigenfrequency value of the main vibration mode without load 

 

Fig. 45. Eigenfrequency value of the main vibration mode with load 
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Further calculations with the aim to identify frequency range of different 
weights’ of male and female were made by changing the legs’ mass load on the 

cantilever plate are reflected in Table 7. Frequency values from 3.47 Hz to 3.25 Hz 

for females at 55 kg to 70 kg weight range and frequency range from 3.28 Hz to 3.02 

Hz for males at 75 kg to 100 kg range were noted and are given in Table 7. 

Table 7. Eigenfrequency value differ depending on body mass and gender. 

Body mass (kg) Gender Eigenfrequency (Hz) 
55 Female 3.47 
60 Female 3.39 
65 Female 3.32 
70 Female 3.25 
75 Male 3.28 
80 Male 3.22 
85 Male 3.17 
90 Male 3.11 
95 Male 3.06 
100 Male 3.02 

 

The leg vibrational actuator was developed with the aim to eliminate the 

negative effects of standing human vibrations that are described in various studies and 
recommendation papers. For example, in ISO 2631-1 guidelines on Mechanical 

vibration and shock – “Evaluation of human exposure to whole-body vibration” is 

written, which considers that long-term high-intensity whole-body vibration indicates 

an increased health risk to the lumbar spine. It is noted that this may be due to the 
biodynamic behaviour of the spine: horizontal displacement and torsion of the 

segments of the vertebral column. Furthermore, whole-body vibration exercise may 

worsen certain endogenous pathologic disturbances of the spine. The approach of 
local exposure at the developed legs’ actuator eliminates the negative vibrational 

excitation effects that are caused by the standing position. Further studies are planned 

for the measurements of physiological parameters after affecting a human by the 
prescribed protocol of vibrations by using the prototype of a legs’ actuator. 
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Fig. 46. Leg’s actuator (1 – glass epoxy vibrating cantilever type plate; 2 – legs fixing belt; 3 

– plate’s fixing points, 4 – slope selection holes 

The need to fix the legs on the plate has been obtained considering the 

movement disorders for people with disabilities. A belt has been attached for this 

purpose, but in this case the need of a second contributory person exists. Therefore, 
in a newly designed construction it is foreseen to replace this persons’ function by an 

easily maintained construction. 

The construction strength calculations have been made with SolidWorks 
Simulation software. The additional frame of a trapezia shape has been added in the 

front of the construction to ensure stability and keep a vertical velocity vector inside 

the build. An initial prototype has been made from stainless steel tubes and it is 
foreseen to update this construction by manufacturing it from aluminium. This will 

make the machine lighter and more easily transportable.  

The constructional solutions of the assembled parts provide an ability to test it 

in various environments. Testing of human interaction with a prototype may present 
suggestions of constructional changes, therefore the main purpose of the designed 

prototype was to provide a device for a suggested approach. 

The same control panel as the vibrating bracelet is used for the legs actuator. In 
this case, the main difference will be the voltage source. The actuator will be supplied 

from a power socket, because the motors’ voltage is too high for the use of a compact 

and lightweight portable power source.  
The visualised usage of the coupled vibrational actuators consisting of the 

actuating bracelet and legs actuator are presented in Fig. 47. The vibrating devices are 

recommended to be used on raised limbs to gain the maximum effect. In Fig. 47 the 

legs actuator is placed on a special table but it could be used by placing it on the floor 
or just on a bed. The devices can be used separately or together, dependent on the 

purpose or type of disease. Prototypes are designed to be used separately because there 

are no communication modules integrated in any of them. This function is foreseen in 
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further steps of development. Generally these devices may be used for different 
purposes and different diseases. 

 

Fig. 47. Vibrational therapy system comprising vibrating bracelet (1) and legs actuator (2) 

3.3. Section conclusions 

Products on the market are using different vibrational frequencies (mostly 
higher than 30 Hz) and different amplitudes (up to 5 mm) of the oscillations, therefore 

the purpose of its applicability is different. The majority of vibrational therapy devices 

are made for athletes for the purpose of enhancing muscle performance, bone density 
or just a warm-up before any physical activity. For this reason, a decision was taken 

to design and manufacture the prototypes by focusing on blood flow disorders and 

improvement possibilities. Therefore, the devices of low-frequency and higher 

vibration amplitude have been designed. The beating phenomenon has been induced 
to create a sufficient force and oscillations frequency ratio. Comprehensive 

conclusions of this section are listed below: 

● Experimental stand of glass epoxy cantilever comprising of vibrational 

actuators has been designed for experimental investigations. The working 
regimes of a sufficient force and low-frequency vibrations has been defined 

during the studies. A vibrating bracelet has been designed as an 

experimental tool to investigate blood flow improvement by using different 
vibrational frequencies. An autonomous device, comprising the vibrating 

motors, control panel and adjustable strap was developed for clinical trials. 

The prototype is mainly intended for arthritis patients because the pain 
occurrence is mostly in the hands.  

● Vibrating machine for legs has been developed with a purpose of making 

investigations of blood flow improvement in legs, by changing the working 

frequencies, slope and human body position. The prototype was created 
considering the needs of people with disabilities and diabetics. Furthermore, 

constructional changes are foreseen in the case of improving accessibility 

and comfort level.  
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● Numerical calculations considering the vibrating plate as a cantilever have 

been conducted. The natural frequencies without the leg’s weight load were 
equal at 9.05 Hz and after assessing a 75 kg male’s legs weight 3.28 Hz. 

This value is close to the determined frequency range from the earlier 

experiments where the highest impact of cardiovascular parameters and 
liquid (blood) property changes were obtained. 

● Eigenfrequency values of 3.47 Hz to 3.25 Hz for females (weight: 55 – 70 

kg) and 3.28 Hz – 3.02 Hz (weight: 75 – 100 kg) for males were calculated 

for a cantilever of a glass epoxy material. These values prescribe the 
working regimes and supplied voltage means depending on human weight 

and will be implemented in the device control algorithm.  
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4. EXPERIMENTAL INVESTIGATIONS OF BLOOD FLOW 

IMPROVEMENT OF LIMBS’ VIBRATIONAL EXCITATION 

The following section defines the experimental investigations of the vibrational 

excitation influence on blood flow parameters. The main aim of these studies was to 

identify the most influential vibrational frequency and amplitude range. The 
experimental setup of an imitational blood circulation system consisting of the 

peristaltic pump, artificial blood vessel, pressure sensor and vibrational actuator has 

been designed. The aim of this study was to identify the influence of the vibrational 
excitation within the range of frequencies of 0.5 – 30 Hz to the fluid pressure 

parameters and to identify the most influencing values. This was followed by deeper 

analysis of the processes in fluid during the vibrational bouts being investigated by 
using the micro-particle image velocimetry method. The analysis of fluid velocity 

vectors’ and abstraction of different velocities’ streaming lines inside the channel has 

been conducted. 

Considering the process when external vibrations are affecting human body, the 
body tissue could be assumed as a damping system. Thus, the presumption of possible 

frequencies’ difference between the source (vibrational actuator) and receipt (micro 

blood vessels) needed to be investigated. The analysis of the human body tissue 
response on the vibrational influence has been done with the purpose of identifying 

the differences of frequencies between the source and finger marker in the range of 1 

– 10 Hz vibrational bouts. Furthermore, validity studies were conducted by 
monitoring cardiovascular parameters and temperature changes in limbs before and 

after vibrational excitation. The studies were carried out with the designed prototypes 

of vibrating bracelet and legs actuator. The effect on oscillating limbs was monitored 

by changing input parameters of electromechanical motors. Furthermore, the 
cardiovascular parameters (ECG, heart rate, respiration rate) have been analysed 

against the effect of vibrational exposure. These studies were necessary to validate the 

developed prototypes and to define proper working regimes for further investigations 
on disease affected patients with circulatory disorders. 

4.1. Experimental blood flow imitational stand and pressure monitoring 

technique  

Investigation of blood flow pressure response on the vibrational excitation was 
performed with an assembled experimental setup, consisting of a peristaltic pump and 

fluid filled medical tubes that were fixed by a vibrating beam (Fig. 48, Fig. 49). The 

aim of this experiment was to identify the vibrations’ influence on fluid pressure and 
to determine the proper working regimes for the designed prototypes. Moreover, this 

study provides an understanding of how the external vibrations influence a human’s 

blood vessels. The medical peristaltic pump has been used to imitate the blood’s 
exhaust from the heart. Furthermore, in later studies, plastic tubes were replaced by 

an artificial blood vessel (Table 8) that was connected with the output tube of the 

pump. The artificial blood vessel’s part was mounted on the vibrational actuator 

comprising of two electromechanical motors to initiate the beating phenomenon. The 
vessel was surrounded by foam to imitate human body tissue. A displacement sensor 
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has been attached at the top of the actuator. Pressure changes were registered by the 
pressure sensor during the generation of different frequencies. 

 

 

Fig. 48. Principal scheme of the experimental setup 

Motor and vibration measuring sensors were fed by three laboratory power 

suppliers. Inductive displacement sensor IFM IG6084 was used to measure the beam’s 
vibrations. All data was registered by the Oscilloscope Picoscope 3424 and was stored 

and analysed by using the PC software PicoScope 6. Motors characteristics 

(revolutions per minute) have been registered with a photo tachometer / stroboscope 

Lutron DT-2259. Therefore, the measurement of the motors’ RPM on different 
voltage values by using the damping element was conducted during this experiment. 

RPM values were measured in regimes of tachometry and stroboscope to get validated 

data. First of all, the experiment was conducted without the damping element. Next, 
the experiment was repeated by adding the damping element consisting of air and 

water packages. The damper has been placed at the bottom of a vibrating beam with 

the actuator. The damper was designed with the purpose of eliminating the resonance 
frequencies of the beam and to reproduce similar characteristics such as human body 

tissue rheological characteristics. The inlet and outlet tubes were immersed in the fluid 

tanks. The fluid pressure parameter was monitored by the developed pressure sensor. 

The pressure sensor (Fig. 50) comprising of pressure gauge Mpx5010gp, voltage 
stabiliser 7805 TO220 (2) and compensator 2200uF was created for this experiment 

(Fig. 50). The pressure gauge was selected because of the accuracy (4.413 mV/mm 

H2O) and range of pressure monitoring (0 – 10 kPa). Output signals of the pressure 
sensor were gathered by an oscilloscope. The sensor was connected by a trident tube 

that was placed beyond the vibrating beam.  
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Fig. 49. Experimental setup: 1 – oscilloscope; 2 – DC supply; 3 – inductive sensor; 4 – 

vibrating motors; 5 – damping element; 6 – pressure sensor; 7 – peristaltic pump; 8 – 

artificial blood vessel (Table 2); 9 – medical tubes; 10 – water tanks; 11 – PC with Picoscope 

software 

Table 8. Physical and mechanical properties of the artificial blood vessel made from 
expanded polytetrafluoroethylene [98] 

 
Physical 

properties 
Metric Mechanical 

Properties 
Metric 

Density 0.700 - 2.30 g/cm3 Ball Indentation 

Hardness 
27.0 - 37.0 MPa 

Apparent Bulk 

Density 
0.360 - 0.950 g/ cm3 Tensile Strength, 

Ultimate 
10.0 - 45.0 MPa 

Water Absorption 0.000 - 0.100 % Tensile Strength, 

Yield 
0.862 - 41.4 MPa 

pH 9.5 Modulus of 

Elasticity 
0.392 - 2.25 GPa 

Viscosity 19.0 - 25.0 cP Flexural Modulus 0.490 - 3.36 GPa 

1.00e+13 - 1.00e+15 cP Flexural Yield 

Strength 
14.0 - 27.6 MPa 

Temperature 340 - 380 °C Compressive 

Yield Strength 
1.50 - 23.4 MPa 
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Fig. 50. Designed pressure sensor (1 – pressure gauge Mpx5010gp; 2 – capacitor 2200uF; 3 - 

positive-voltage regulator 7805 TO220) 

At the beginning, an experiment with one motor has been conducted by altering 
the voltage value. The supplied voltage ranged from 3 V to 16 V with 0.1 V step and 

without using any damping element. The next experiments with two motors were 

performed. The voltage for each motor had been altered in the same range, starting 
form 3 V to 16 V with 0.1 V step. Then, the damping element was added with a 

purpose to eliminate the natural beam’s frequencies. Motors were supplied by the 

same range of voltage as in earlier experiments. The same experiments were repeated 
after substituting the medical plastic tube with an artificial blood vessel. Pressure 

alterations were registered at the beginning of the experiment and during it, together 

with the beam’s displacement.  

The fluid pressure in the fulfilled channel has been registered. The value of 4.5 
kPa was recorded, which is close to the mean of pressure in human capillaries.  

The peristaltic pump working regime of 1 Hz was set, which is equal to a heart 

rate of 60 beats per minute. The initial experiment was conducted with one motor. 
The highest pressure change of about 1 kPa was noted when the motor was supplied 

by 6 V and 11 V voltages respectively. The artificial blood vessel and damping 

element have been added for experimentation. Damped beam vibrations of 6 Hz 
frequency were noted when the motor was supplied by 5 V voltage. A pressure rise of 

2 kPa was registered (Fig. 51).  
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Fig. 51. Pressure rise of 2 kPa affecting artificial blood vessel by 6 Hz frequencies. 

The beating phenomenon was induced by starting the second motor with 

unbalanced mass. The two motors were supplied by voltage of 5 V and 5.8 V 
respectively to generate the beating phenomenon (Fig. 52). The results of pressure and 

displacement measurements are represented in one line to show the dependency. In 

the graph below it is clearly visible that the fluid pressure is directly dependent on the 

beam’s oscillations. An overlapped view of diagrams shows that reliance. The 
pressure rises during the vibrational excitation and decreases dramatically when 

displacement amplitude was close to zero. These results were similar when comparing 

the medical plastic tubes and the artificial blood vessel.  

 

Fig. 52. Overlapped pressure and displacement graphs during the beating phenomenon. 

The later experiments were conducted with an artificial blood vessel in the 

experimental setup instead of the medical plastic tube. Moreover, higher pressure rise 

was noted in the case of two motors. In comparison, the highest rise of pressure mean, 
using one motor that was supplied by 9 V, gained a 3 kPa increase in value. 

Furthermore, two motors supplied by 5.1 V and 4.9 V respectively, generated a rise 

of 8 kPa (Fig. 53). The processed results showed that the pressure changes have 
increased in parallel with the oscillating beam’s displacement amplitudes. It was also 

observed that at higher frequencies than 10 Hz, pressure change amplitude becomes 

lower and the momentum value changes become more frequent. The most influential 

frequencies of the beating phenomenon were noted in the diapason from 2 to 5 Hz. As 
it was observed during the study, the displacement amplitudes ranging from 4 to 20 

mm are the most desirables. The values are coherent with the results of numerical 

calculations.  
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Fig. 53. Results of using artificial blood vessel: two motors’ induced beating phenomenon 

and 8 kPa pressure rise (upper graph); one motor vibrations and 3 kPa pressure rise (lower 
graph). 

The results of pressure monitoring provide only the momentum alterations but 

longer term pressure increase was not monitored. The peristaltic pump exhausts the 

same amount of volume of fluid, therefore it was unable to monitor the fluid volume 

alteration per time unit. However, the significant increase of fluid pressure enables 
researchers to make an assumption that low-frequency vibrations could be used with 

the purpose of improvement of blood flow in human limbs. 

4.2. Experimental setup to monitor blood flow velocity changes during the 

vibrational excitation by using µPIV system 

Experimental results of previous studies have showed demand for deeper 

analysis of fluid parameter changes during the vibrational bouts. Observation of the 
fluid velocity distribution stream lines and vectors’ field was made by monitoring the 

movement of particles in fluid. The previously described experimental stand 

consistent of peristaltic pump, vibrational actuator and artificial blood vessel has been 

coupled with a µPIV system. Papers [22, 43, 44, 45, 46, 47] of fluid velocity analysis 
methods on vibrational excitation were analysed to select the most appropriate one.  

Experiments of the flows in microchannels were made at the Lithuanian Energy 

Institute. A unique experimental setup (Fig. 54) consists of a µPIV system vibrational 
excitation and measurement equipment part. µPIV system (Fig. 55) consists of Nd: 

YAG laser (Dantec Dynamics), laser control system LPU 450 (Dantec Dynamics), 

2048 x 2048 pixels FlowSense EO CCD camera (Dantec Dynamics) that was fixed 
on an inverted Leica DM ILM microscope (Leica Microsystems). The prescribed fluid 

flow was generated by a syringe pump (Aladdin AL4000, World Precision 
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Instruments) with connected medical blood tubing lines. The tubing line length 
starting from the syringe pump to measurement microscope was 1.5 meter long. About 

30 cm away from the syringe pump, the tubing line was placed in a material imitating 

human tissue that was fixed by an oscillating epoxy glass cloth laminate beam. A 

special electromechanical actuator consisting of two small size, low voltage and high 
RPM electric motors (JOHNSON 20703) each with attached unbalanced masses of 

14.86 g was used for generating the beating phenomenon and proper frequencies. 

These motors were screwed to the epoxy glass cloth laminate. As it was defined on an 
earlier study of the author, the electric motors could generate a force on beating 

phenomenon up to 41.48 N depending on the supplied voltage. Oscillations and 

movement amplitude of the beam were measured by an inductive displacement sensor 
IFM IG6084 that was stationary fixed right above the beam. The output signal was 

collected by an oscilloscope Picoscope 3424 and processed by the corresponding 

software on the PC. The measurements of the fluid parameters were made after a 

minute of the vibrational effect of every frequency value and amplitude. The input 
voltage of the motor was chosen considering the real-time generating frequency 

response. The voltage values, ranging from 2 V to 5.5 V for one motor and from 6.0 

V and 6.1 V to 8.0 V and 11.1 V with 0.1 V step for two motors accordingly were 
selected to induce the beating phenomenon. The monitoring point was 1 meter of 

channel away from the vibrational actuator.  

 

Fig. 54. Experimental setup: 1 – Leica DM ILM microscope; 2 – syringe pump; 3 – YAG 

laser; 4 – DC power supply; 5 – vibrating beam with two electric motors and attached 

unbalanced masses; 6 – medical tubes; 7 – oscilloscope Picoscope 3424; 8 – inductive 

displacement sensor IFM IG6084. 

The scheme of the µPIV system separately is presented in Fig. 55. 
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Fig. 55. Schematic drawing of µPIV system. 

The microchannel used for experiments was made from special vascular graft, 

produced by the USA GORE Company. Here, GORE hybrid vascular graft is made 
of an expanded polytetrafluoroethylene (ePTFE) vascular prosthesis that has a section 

reinforced with nitinol. The nitinol reinforced section is partially constrained to allow 

easy insertion and deployment into the human body. The GORE hybrid vascular graft 
has a continuous lumen with a CARMEDA BioActive surface consisting of a stable 

covalently bonded, reduced molecular weight heparin of porcine origin.  

The solution, having similar technical specifications as real blood, was used as 

a fluid. The velocity of the fluid flow is measured by applying spatial flow lightning 
and registering the movement of the indicating particles. The velocity vectors’ field 

of the particles were determined by µPIV measurements. Knowing the time interval 

between taking pictures Δt and the displacement of the particles Δx, the velocity could 
be calculated by the equation (4.2.1): 

𝑣 =
∆𝑥

∆𝑡
 

(4.2.1) 

The fluorescent particles of 1.0 µm (3.94 × 10-5 in) diameter were used for the 

measurements. The density of the particles in space was close to fluid density and the 

size was chosen to avoid Brown flow influence, as well as getting a strong enough 

fluorescent signal. 
The principal scheme of image analysis is shown below (Fig. 56) where the 

image intensity function in the fast Fourier transform and cross-correlation was 

established. The image intensity function was performed by inverse Fourier transform 
and the result was displayed by the velocity vector field and the velocity components. 
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Fig. 56. Principal scheme of µPIV correlation establishment. 

The displacement was calculated for all particles. The calculations were made 

by the cross-correlation method [99 - 103] using the fast Fourier transform method. 

Calculating the Φ value, 

𝛷(𝑥, 𝑦) = ∑ ∑ 𝑓(𝑥, 𝑦) ∙ 𝑔(𝑥 + 𝑚, 𝑦 + 𝑛)

𝑞

𝑦=1

𝑝

𝑥=1

 (4.2.2) 

where p and q – net window dimensions in x and y directions, f (x,y) and g (x,y) 
– the image intensity functions on the first and the second frames, m and n – the 

displacement coordination, Φ (x,y) – the correlation function between two windows 

of the net (p x q size) with mutual displacement (x,y),  
The entire range of shear creates a cross-correlation plane, which features the 

largest value indicate of the displacement of the particles [102]. 

Analysis of the µPIV experimental results revealed that signs of turbulent flow 
has been detected on the vibrating microchannel (Fig. 57, Fig. 58). Spectrograms at 

Fig. 58 reflects that phenomenon the most. The velocity changes of the luminescence 

particles and the momentum opposite flow direction were noted (Fig. 57). On the 

separate time moment (on 4.3 Hz frequency) the velocity increases up to 2.7 mm/s, 
while the average velocity without vibrations was 0.65 mm/s. In the cases of 4.9 Hz, 

5 Hz, 5.7 Hz, the beating frequencies’ average velocity reaches or increases up to 0.8 

mm/s. The average velocity of 0.7 mm/s was observed in most cases when the fluid 
was affected by the external vibrations. Short impulses of upstream velocity up to 1.5 

mm/s were noted during the oscillating frequencies of 5 Hz, 5.3 Hz, 5.4 Hz and 5.8 

Hz. Analysing the vector maps at each time moment separately, it can be observed 

that the real flow direction (from right to left Fig. 57 (a))) maps are much more 
frequent than maps with the upstream speed vectors (Fig. 57 (d)). It is also clearly 

visible that downstream speed at each time moment is much greater than upstream. It 

can be concluded that the average velocity direction cannot be reversed, as it is shown 
in vectors maps (Fig. 57, d) of the microchannel. During these moments of time the 

pressure in the microchannel should be higher than normal, as it was defined in the 

previous study. 
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Fig. 57. (a) Velocity vectors‘ field without vibrations; (b) Velocity vectors‘ field during low 

amplitude vibrations (2.4 Hz, 0.98 mm); (c) Velocity profile and (d) vectors filed during high 

amplitude vibrations (4.3 Hz, 6 mm). 

 

Fig. 58. (a) Fluid velocity spectrogram on 4.3 Hz frequency and 6 mm amplitude; (b) Fluid 

velocity spectrogram on 5.8 Hz frequency and 6 mm amplitude. 

The µPIV experimental analysis showed a significant influence of vibrational 
bouts on the fluid velocity in the microchannel. Again, the low-frequency oscillations 

with higher amplitude of displacement provided the more significant findings. In most 

cases of vibrational exposure, the average increase of fluid velocity has been observed. 
These results proves the vibrational influence on fluid parameters and it could be 

assumed that properly selected vibrational expose to the human body could affect the 

blood flow. It was agreed that further analysis has to be done by using the developed 
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vibrating bracelet and legs actuator prototypes, and monitoring cardiovascular 
parameters coupled with temperature changes of limbs. 

4.3. Finger tissue acceleration signal response analysis 

Experimental investigations on human body tissue response at separate points 

of the body has been analysed in previous studies [72]. The results showed variation 
of the response frequency of monitored points that was caused by higher body mass 

indexes. Therefore the analysis of human finger tissue response has been conducted. 

The main aim of this study was to identify if there is a significant difference in the 
frequencies’ values between the source and marker on a human finger of people with 

different body mass indexes. The comparison of the prescribed vibrational exposure 

values ranging from 1 to 10 Hz with 1 Hz step with the gathered data was conducted. 
Human tissue acceleration signal analysis was performed at the Laboratory of 

Biomechanics of the Mechatronic Institute at Kaunas University of Technology. The 

purpose of this analysis was to identify the demand for a frequencies correction factor 

for modelling fluid flows. The experiment strictly follows the methodology for human 
body acceleration signal analysis, which suggests using a quantitative analysis method 

such as photogrammetry, or more specifically, cameras and markers [72]. Thus, the 

experiment was conducted using a ProReflex MCU 500 Type 170 241 camera (Fig. 
59) with Qualisys Track Manager Software. The ProReflex MCU uses a 680 × 500 

pixel CCD image sensor. The use of CCD technology results in very low-noise data 

compared to a higher resolution CMOS sensor, which has a considerably higher pixel 
noise level. By using a patented sub-pixel interpolation algorithm, the effective 

resolution of the ProReflex MCU is 20000 × 15000 subpixels in a normal setup, 

enabling the ProReflex MCU to discern motions as small as 50 microns. The 

prescribed oscillations were generated on the vibration stand Veb Robotron Type 
11077 and the monitored human body part – the finger was placed on the top of this 

stand. 

 

Fig. 59. Experimental setup: 1 – ProReflex MCU 500 Type 170 241 camera from Qualisys 

and the monitored finger with markers (2) on the vibration stand (3) (Veb Robotron Type 

11077) and 4 – frequencies generator Tabor Electronics WW5064 50Ms/s. 
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Human tissue acceleration signal analysis was made by identifying the 
frequencies difference between prescribed values on the vibrational stand and tissue 

response with the purpose of obtaining undistorted results on the computer modelling 

and experimental setup. Two male persons (proper informed consent was obtained) 

with different body mass indexes, (BMI) of 22.0 (person I) and 28.9 (person II) were 
selected. Markers were fixed on the finger nail, thumb joint and vibration stand. The 

experiment was made by generating frequencies from 1 to 10 Hz oscillations with 1 

Hz step for each person, registering markers’ displacement with 100 Hz sample rate. 
The results were processed with Matlab software using a low pass filter of 0.5 Hz 

passband frequency. A 20 Hz stopband frequency had been applied. 

The marker’s displacement data gathered by the camera was filtered and the 
frequency difference ranges between the finger nail marker and the vibration stand 

were deeply analysed. During the 78 pulses of 2 Hz oscillations of vibrational stand, 

1.975 Hz of finger’s marker frequency were found for person I and a difference of 

0.007 Hz for person II was calculated. The highest difference of 0.012 Hz was 
unregistered while scaling the analysed waves per 1 pulse value. The difference of 

0.138 Hz for person II and 0.054 Hz for person I were noted on 4 Hz oscillations (Fig. 

60). The difference of 0.135 Hz for person II and 0.036 Hz for person I were 
discovered on 5 Hz oscillations. The average difference of 82 pulses was equal to 

0.001 Hz on 8 Hz vibrations, while the peak value was 0.025 Hz for person I. The 

highest differences of 0.209 Hz for person II and 0.134 Hz for person I were identified 
on the 9 Hz oscillating frequency.  

 

Fig. 60. 4 Hz oscillations of vibrational stand (lower curve). The highest frequency 

difference of 0.054 Hz for person’s I finger (top curve). 

The difference of values of the responding finger marker frequencies were not 

significant. Therefore no correction factor was necessary to add in to the selection of 
vibrational exposure of the limbs actuating device prototypes. During further 

experiments, the prescribed values of external frequencies were considered as equal 

value on the impact on the microvascular system. 
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4.4. Validity of vibrating bracelet and legs actuator 

Experimental investigations of vibrational exposure on the human 

cardiovascular system by using the developed prototypes has been defined as a crucial 

validation process of the suggested approach. Therefore, various cardiovascular 

parameters were needed to be monitored before and after vibrational excitation. 
Furthermore, the thermal imaging monitoring method was obtained as the most 

appropriate in the evaluation process of blood flow disorders and improvement means. 

For this reason, thermal photos of hands and legs were taken before and after 
vibrational exposure. 

First of all, the device with a tri-axial accelerometer [89] was used to identify 

the bandwidth of naturally vibrating limbs (hand). The accelerometer model 
LIS331DLH was selected to satisfy the needs for the measurement range and 

bandwidth. The accelerometer cannot operate on its own, so the previously developed 

device was used (Fig. 61). 

 

Fig. 61. Principal scheme of the acceleration measurement device. 

The device contains a Micro Controller Unit (MCU) to hold all the logic, 

LIS331DLH MEMS [104] accelerometer to measure 3D accelerations, MicroSD card 

to save measured data samples, battery to power everything, some light emitting 
diodes (LEDs) to display the state the device is in and a USB connector so the data 

can be downloaded to a personal computer for further processing. The final 

acceleration range requirement was selected to be ±8g. 

Naturally, the initiated limb frequencies during the suggested exercise of 

Katsuzo Nishi [20] were observed as high as 4 Hz. Therefore, the close values of 

frequencies have been argued as the most appropriate for a further study with patients. 
First, blood pressure monitoring was performed before and after exercise to 

identify the effect of external vibrations on the human body. Blood pressure monitor 

Microlife BP A100 [105] was suggested by the clinicians, because of its high 
accuracy. Other physiological parameters were monitored with a Schiller MT-101 2-
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channel Cardio Logger [106] device. The device monitors electrocardiogram (ECG) 
and heart rate from 4 points of body. Specified computer software was used for 

observation of collected signals. 

Experiments of testing a human’s body reaction on vibrational effect were 

conducted in the Centre of Mechatronc Science, Studies and Information at Kaunas 
University of Technology. The experimental setup is showed on Fig. 62. The vibration 

stand has been used to initiate the prescribed vibrations on a human hand. 

Displacement has been observed with the Keyence LK-G82 laser. 
 

 

Fig. 62. Experimental setup: 1 – frequencies generator Tabor Electronics WW5064 

50Ms/s; 2 – power amplifier VPA2100MN; 3 – vibrational stand Veb Robotron Type 

11077 with developed device mounted on top; 4 – displacement measurement unit laser 

Keyence LK-G82 with controller Keyence LK-GD500; 5 – ADC Picoscope 3424. 

Two types of experiments were conducted. Firstly, the experiments were made 

by changing the frequency (1st: from 1 Hz to 40 Hz; 2nd: from 1 Hz to 8 Hz; 3rd: from 
2 Hz to 12 Hz). The second type of experiments were made with constant frequency 

values of 3 and 4 Hz operating on different time periods. Frequency values used at the 

second type of experiments are close to the means that were observed as the most 
efficient. Experiments were repeated two times with two patients. The detailed 

description of each experiment is presented below: 

● Right hand. Time: 120 s; Frequency: from 1 Hz to 40 Hz; Peak to peak 

amplitude: 300 mV; 
● Right hand. Time: 120 s; Frequency: from 1 Hz to 8 Hz; Peak to peak 

amplitude: 500 mV; 

● Right hand. Time: 600 s; Frequency: from 2 Hz to 12 Hz; Peak to peak 

amplitude: 1 V. 

● Right hand. Time: 120 s; Frequency: 3 Hz; Peak amplitude: 1 V; 

● Right hand. Time: 120 s; Frequency: 4 Hz; Peak amplitude: 1 V; 

● Right hand. Time: 600 s; Frequency: 3 Hz; Peak amplitude: 1 V. 
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● Right hand. Time: 600 s; Frequency: 4 Hz; Peak amplitude: 1 V. 

 

Fig. 63. Human’s body reaction on vibrational effect experiment (1 – vibration stand; 2 – 

human hand with acceleration sensor; 3 – cardiologger device) 

Blood pressure was measured before the vibrational excitation and two times 

after the experiment: 5 and 10 minutes later (Table 9). The significant change of 
diastolic blood pressure value was recorded. 

Table 9. Blood pressure changes before and after experiment 

Time period Alteration of average 

systolic blood pressure 

(mm Hg) 

Alteration of average diastolic 

blood pressure (mm Hg) 

Before the experiment - - 
5 min. after the experiment -0.75 % 16.39 % 
10 min. after the experiment 4.51 % 16.39 % 

The experiment with vibrational oscillations of static frequency has shown 
different results (Table 10). The change of systolic pressure value was found right 

after the experiment. However, the average value of diastolic blood pressure has 

decreased. The alterations of blood pressure show the impact of vibrational excitation 
but a larger quantity of subjects were considered necessary in the case of proving 

correlation between values of vibrational frequencies and blood pressure. 

Table 10. Blood pressure changes before and after the 10 min. experiment on 
vibrational stand. 

Time period Alteration of average 

systolic blood pressure 

(mm Hg) 

Alteration of average diastolic 

blood pressure (mm Hg) 

1 min. before the experiment -  
Right before the experiment 9.34 % -1.28 % 
2 min. after the experiment 2.54 % -7.69 % 
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The 10 minutes’ duration peak to peak experiment has showed some significant 
changes on the respiration rate and ECG curves (Fig. 64, Fig. 65). The major 

amplitudes have been observed on the highest frequency values. The “uncomfortable 

feeling” of high frequency vibrations was outspoken by both patients. The higher 

frequencies values were eliminated from further studies.  

 

 

 

Fig. 64. Respiration frequency changes 

during the 10 min. peak to peak 

experiment with hand on vibrational 

stand. 

 Fig. 65. ECG changes during the 10 min. 

peak to peak experiment with hand on 

vibrational stand. 

Another separate investigation by registering heart rate has been performed. The 

subject’s average and maximum mean of resting heart rate during the 5 minute time 
period before an experiment was registered. Then the heart rate was observed with a 

Polar HRM heart rate monitor at 2 minutes interval by holding the right hand raised. 

Values of the average and maximum heart rate were registered. Next, the heart rate 
measurement in the same position but with a vibrating bracelet was made. The beat 

frequencies of 3 Hz was induced for 2 minutes. The same physiological parameters 

defining blood output were registered. Tests were performed 5 times with a one day 

break between.  
Heart rate measurements showed that the pulse decreases when the hand was 

affected by vibrations compared to measurements with the bracelet turned off. 

Average margin of measured average heart rate was 59.25 (without vibrations) 
comparing to 57 (with vibrations). The average maximum heart rate difference of 64.5 

(without vibrations) and 61.25 (with vibrations) (Fig. 66). Furthermore, the following 

experiment’s results showed a higher difference between vibrating bracelet and 
without vibrations. Average difference of average heart rate value was 71.5 (without 

vibrations) compared to 69 (with vibrations). Average maximum heart rate was 78 

(without vibrations) compared to 74.25 (with vibrations) (Fig. 67). 
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Fig. 66. First measurement of heart rate values (red line – MHR without vibrations; yellow 

line – MHR during vibrational exposure; blue line – AHR without vibrations; green line – 

AHR during vibrational exposure). 

 

Fig. 67. Second measurement of heart rate values (red line – MHR without vibrations; 
yellow line – MHR during vibrational exposure; blue line – AHR without vibrations; green 

line – AHR during vibrational exposure).  

A significant difference of heart rate value in the vibrational exposure effect has 

been noted. This can be explained by an assumption that increased blood flow with 

the effect of vibrational excitation reduces the need of the heart’s effort to pump the 
blood. This shows that vibrational therapy could be used as a relaxation method for 

athletes after a physical load. 

Temperature monitoring is one of the most common methods of identifying 
blood flow disorders or changes in separate parts of the human body. An investigation 

into monitoring temperature changes in the  fingers were made after giving vibratory 

movement at the beating phenomenon frequencies ranging from 1 to 6 Hz with a step 

of 1 Hz. Each experiment was conducted for a time period of two minutes. The 
temperature measurement results were collected before and after the experiment. 

Temperature changes were registered with a FLIR t62101 thermal imaging camera. 

The images were captured on both sides of the hand, on three points of two fingers, 
before and after the experiment. The vibrational excitation has been induced with the 

prototype of the vibrating bracelet that was defined in the chapter before.  
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The highest increase of temperature was obtained after 4 and 4:30 minutes of 
vibrational exposure. The most significant alterations of 0.8oC (Fig. 68) were on the 

palm after a vibrational exposure of a 6 Hz frequency and 0.7oC raise on the other side 

of the hand after the vibrational excitation of 3 Hz were noted. Increases in 

temperature were obtained after all tests of vibrational excitation. Experiments were 
repeated ten more times and the results were very similar. In some cases, the 

temperature increase after the vibrational exposure was lower compared to the 

numbers monitored before, but it increased after a period of a few minutes. The 
remaining cases showed almost the same increase of temperature of 0.1 to 0.2o C raise 

after the exposure. Temperature increases of 0.3 to 0.5o C have been registered after 

a 5 minute period in all the remaining experiments of vibrational excitation. These 
results show that the beating phenomenon frequencies of coupled motors with 

unbalanced masses could be used for the improvement of blood flow in human limbs. 

The increase of temperature is significant in most cases and low-frequencies are 

appropriate with the purpose of improvement of blood flow in handbreadth.  

 

 

 

a)  b) 

Fig. 68. Handbreadth temperature measurement results at three points of palm: a) before the 

experiment; b) after the experiment.  

 

 

 

a)  b) 

Fig. 69. Temperature measurement results at three points of the outer part of handbreadth: a) 

before the experiment; b) after the experiment 
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The experiment by monitoring the leg temperature has been conducted too. 
Moreover, the vibrational frequencies of Glass epoxy plate were registered with the 

aim of validating the results of numerical modelling. The prototype of the legs actuator 

that was previously described in detail, was a main part of the experimental setup 

presented in Fig. 70. The prototype of the legs actuator (Fig. 70. (1)) was developed 
with the ability of changing the plate’s inclination angle while the tested patient’s legs 

are fixed. An angle of 45o degree was selected for this experiment. The glass epoxy 

cantilever type plate was chosen as the vibrating part because of its high cyclic 
durability of the flexural strength. The plate was covered with foam for better comfort 

reason. The plate’s length can be adjustable depending on the human’s height or leg 

length. Motors were fixed motionlessly next to each other and adjusted to give an 
inward rotation to unbalanced masses, so creating a force in the vertical direction. 

Slightly different voltage values creates the beating phenomenon that enables it to 

induce sufficient force by using low voltage and small size motors for making 

vibrational movement of adequate displacement. Vibration data was gathered with a 
Robotron 00032 with a low frequency acceleration sensor KB12 and a resolution of 

300 mV per 1 m/s2, then processed with a Picoscope 3424 with Picoscope PC 

software. Motors were supplied by Digimess HY3020 power suppliers (1ch, 30V, 
20A, adjustable). 

 

Fig. 70. Experimental setup for legs actuation: 1 - legs actuator with motors and unbalanced 

masses; 2 - acceleration sensor KB12; 3 - power suppliers (0-30V/20A, adjustable); 

4 - Robotron 00032; 5 - Picoscope 3424; 6 - PC with Picoscope 6 software 

Vibrational excitation influence is widely defined in previous studies and was 

mentioned in the first chapter. Various techniques of measurement can be used. In this 
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papers case, the high-sensitivity infrared thermal imaging camera FLIR-t62101 was 
used to identify the vibrational excitation influence on foot blood flow. Four points 

on the right foot (Hallux toe, Long toe, right point on the foot and left point on the 

foot) were considered to be monitored before and after experiments. Temperature 

differences were registered by making thermal images immediately after the exposure 
and capturing images 3 and 5 minutes later.  

The experiments with the legs vibrating machine on identifying working 

frequencies were executed. The beating phenomenon was induced during vibrational 
excitation in order to establish higher force and low-frequencies. Considering the 

importance of higher displacement amplitudes as a more influential effect, frequency 

value has been chosen close to the Eigenfrequency value of Glass epoxy plate as a 
possible for each experimented leg mass. The experiment was conducted with a 75 kg 

weight patient with considered leg mass of 25.02 kg and motors bulk mass of 6.43 kg. 

The calculation of the leg mass has been made according to the previously described 

methodology of statistically defined percentage ratio from the body mass. Voltage 
values were chosen according to the results of the numerical study and tested person’s 

vibrational excitation impact feeling. Beating phenomenon frequencies ranging from 

0.5 Hz to 4.8 Hz were registered during the experiment (Fig. 71 - Fig. 76). 

Furthermore, the generated force values of vibrating motors have been calculated. 

These values are given in the figure captions of the graphs below.  

 

Fig. 71. Cantilever plate excitation voltage: 7.8 V – 7.4 V; beating frequency: 0.5 Hz; force 

to legs: 44.68 N 
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Fig. 72. Cantilever plate excitation voltage: 10.7 V – 9.6 V; beating frequency: 1.168 Hz; 

force to legs: 78.12 N 

Low voltage causes low angular speed and a lower acting force. The resistance 

force of legs starts from approximately 200 N. Higher amplitudes of oscillations were 
obtained with the highest force values. The flexibility properties and calculated 

Eigenfrequency value of the vibrating plate enables research to induce sufficient 

vibrations with lower values of generated force. In the graphs at Fig. 71 and Fig. 72, 
glass epoxy plate’s and feet oscillating frequencies are significantly smaller compared 

to Eigenfrequencies values that were calculated numerically. This means that the 

influence of blood flow stimulation should be minor. Therefore, higher voltage values 

were used for further investigations (Fig. 73 - Fig. 76) with the purpose to generate a 
higher force. Beating phenomenon has been induced by adjusting the input voltage of 

each motor. The beat phenomenon could be defined from all diagrams listed below. 

It should be noted that natural frequencies of the motors have not been felt by the 
tested patients. 
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Fig. 73. Cantilever plate excitation voltage: 11.2 V – 13.8 V; beating frequency: 2.217 Hz; 

force to legs: 117.78 N 

 

Fig. 74. Cantilever plate excitation voltage: 15.1 V – 10 V; beating frequency: 4.844 Hz; 

force to legs: 137.10 N 



 

99 

 

Fig. 75. Cantilever plate excitation voltage: 16.9 V – 12.4 V; beating frequency: 4.152 Hz; 

force to legs: 116.30 N 

 

Fig. 76. Cantilever plate excitation voltage: 16.9 V – 13.9 V; beating frequency: 3.311 Hz; 
force to legs: 180.2 N. 

The voltage values of 16.9 V and 13.9 V (Fig. 76) were chosen for further 

experiments to register the vibrational excitation influence on blood circulation at the 
foot. The frequency of 3.311 Hz was the closest value to Eigenfrequency, which was 

calculated with Comsol Multiphysics software. Motors with unbalanced masses 

working on this regime generate 180.2 N force. The force is enough for sufficient 
displacement and the greatest among the other values of beat frequencies (2.217 Hz, 

4.844 Hz, 4.152 Hz,).  

Temperature monitoring has been conducted on four points: two on different 
toes (Hallux and Long) and two points on the foot (one on the left and one on the 

right). The emissivity mean of 0.98 has been prescribed on the camera settings for 

monitoring human skin temperature. Temperature changes were recorded just after 

the exercise and after 3 and 5 minutes later. Peak temperature increase values were 
registered after resting 3 minutes after the vibrational excitation. A temperature rise 
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of 0.7o C on the Hallux toe (Fig. 77), 1o C on the Long toe (Fig. 78), 0.9o C on the 
right foot point (Fig. 79) and 1.5o C on the left foot point (Fig. 80) were captured. 

 

Fig. 77. Hallux toe temperature before (left) and after (right) legs actuation 

 

Fig. 78. Long toe temperature before (left) and after (right) legs actuation 

 

Fig. 79. Right foot point temperature before (left) and after (right) legs actuation 

 

Fig. 80. Left foot point temperature before (a) and after (b) legs actuation 

Furthermore, additional experiments were undertaken by monitoring 

temperatures by using a different measurement methodology. First, the temperature 
was monitored on three points of the Hallux toe, one point of the Long toe and two 

point on the right and left side of the foot. Second, the lowest temperature point of the 

foot has been monitored. The results were similar compared to the primary ones. The 
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captured values have been continuously increasing in the period of 5 minutes after the 
experiment. At the top point of the Hallux toe the temperature increased by 0.9o C 

after the first experiment and by 0.4o C after the second. In the middle point of the 

Hallux toe the captured increase was equal to 0.7o C and 0.4o C respectively. The 

lowest point’s temperature of the same toe increased by 0.9o C at both measurements. 
The temperature of the Long toe increased by 0.8o C and 0.4o C respectively. Right 

and left points’ of the foot became warmer at an average of 1o C. The results of the 

lowest value measurement have shown temperature increases of 0.4o C after 5 minutes 
after the experiment (Fig. 81). 

a) b)  

Fig. 81. The lowest temperature point measurement: before (a) and after (b) the experiment  

The alterations of temperature are significant, hence the assumption of increased 

blood flow can be proved. A gentile stitch feeling in the feet after the vibrational 
exposure was noted by the subject. Further investigations of using capillaroscopy 

methodology for monitoring a blood flow in capillaries is planned to be conducted. 

Capillaroscopy is the most common approach of examination of capillaries with a 
microscope. The use capillaroscopy means has been suggested by colleagues from the 

Lithuanian University of Medical Sciences. 

4.5. Section conclusions  

The main purpose of the experimental investigations was to verify the influence 

of low-frequency vibrational exposure on blood flow improvement. Physiological 

parameter monitoring has been conducted with and without the vibrational effect to 

the human body. The range of input parameters were suggested to make a local 
analysis of the affected parts of the body. Thus, the investigations on the temperature 

changes in limbs has been performed. The results of each experiment is listed below: 

● Investigation on blood flow pressure changes during the vibrational 

exposure has shown that the highest pressure increases were obtained at 
lower frequency values and higher movement amplitude. However, the 

impact of vibrational exposure decreases after exceeding the value of 10 Hz. 

According to the results, 2 – 5 Hz frequencies and 4 – 20 mm amplitudes 
have been considered as the most influential on vibrational exposure.  

● µPIV experimental stand has been assembled with the purpose of 

monitoring fluid stream lines during the vibrational excitation. COMSOL 
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Multiphysics modelling and experimental results were very comparable. 
This enables the reliable use of a computer model for further studies. 

Experimental results show that low frequency (from 4 to 8 Hz) and higher 

amplitude (from 3.4 to 8 mm) external vibrations could significantly 

increase blood flow. Vibrational excitation of 2.4 Hz frequency shows 
changes in velocity vectors and an increase in average blood flow. However 

higher frequencies combined with lower amplitudes did not give similar 

results. These results show that the beat phenomenon method could be used 
for creating the prescribed vibrations on a human’s limbs. 

● The investigation of human body tissue study showed no need to include a 

correction factor on frequency measurements. Therefore, prescribed values 

of external frequencies on further experiments were considered as equal 
value on the impact on the microvascular system. 

● Cardiovascular parameter monitoring has been performed during the 

vibrational excitation on specific parts of the human body. The alterations 

of ECG and respiration rate was obtained, but it was considered that deeper 
analysis has to be done. Thus, the heart rate monitoring has been conducted. 

The significant difference of the average and maximum heart rate values 

were noted in comparison of using and not using the prototype of vibrating 
bracelet. The average heart rate value decreased by an average of 3.75 beats 

per minute during the vibrational bouts and the maximum value decreased 

by 2.5 beats per minute with the effect of vibrations on the hand. 

● Investigation of temperature monitoring on hand has been conducted. The 

major increase of 0.8oC on the palm after the vibrational exposure of 
frequency of 6 Hz and 0.7oC increase on the other side of the hand after the 

vibrational excitation of 3 Hz were noted. Temperature increases of 0.3 to 

0.5o C have been registered after 4 – 5 minutes period in the case of all 
exercises of vibrational excitation. 

● Experiment with the legs vibrating machine was conducted to identify the 

working regimes and necessary voltages for each motor to generate an 

Eigenfrequency value of 3.28 Hz for a 75 kg weight male. 16.9 V and 13.9 
V supply voltage for each motor respectively generated beating vibrations 

of 3.311 Hz. Thermal analysis of the feet was executed at this frequency 

range.  
● Vibrational effect assessing experiment was made on 3.311 Hz beating 

vibrations, registering temperature changes on four points of the foot. 

Temperature increases of 0.7 C on the Hallux toe, 1 C on the Long toe, 0.9 

C on the right foot point and 1.5 C on the left foot point were registered. 
These values are very close to earlier experimental results of exciting the 

human hand and monitoring temperature changes. 
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CONCLUSIONS 

1. Universal 2D and 3D numerical mathematical models of blood vessel, capillary 

and erythrocyte were developed to commit investigations on blood velocity 

alterations, deformability and flow through the micro-channel depending on the 

mechanical properties of the materials and different types of vibrational 
exposure, along with the Eigenfrequency analysis of immersed and fluid 

contained erythrocyte was conducted.  

2. The results of the numerical studies of the vibrating microchannel have showed 
the highest impact on blood flow velocity at frequencies ranging from 4.3 to 8 

Hz and with a displacement of 3.4 – 8 mm, while the significant reduction of 

the inlet maximum contact pressure between the RBC’s and capillary’s wall on 
vibrational exposure of 3 Hz with a displacement range of 13 – 22 mm and 4 – 

4.5 Hz with a displacement range of 0.6 – 2 mm was obtained as the most 

influential.  

3. Experimental studies of a simplified imitational blood circulatory system, 
consisting of the main parts of peristaltic pump, artificial blood vessel and 

vibrational actuator, disclosed a significant fluid pressure increase in the range 

of low-frequencies’ beating phenomenon vibrational bouts of 2 – 5 Hz and 4 – 
20 mm amplitudes, while the oscillations of higher frequencies than 10 Hz did 

not generated any significant changes.  

4. Investigations by using an adapted experimental setup including the Micro-
Particle Image Velocimetry (µPIV) equipment have indicated the adequacy of 

experimental and theoretical studies by obtaining an average increase in fluid 

velocity of 7.7 % during the vibrational bouts ranging from 2.4 Hz to 5.8 Hz 

and displacement range of 0.98 – 6 mm, herewith the momentum fluid velocity 
increase of 4.15 times and turbulent flow have been noted. 

5. Prototypes of a vibrating bracelet and a vibrating machine for legs have been 

designed to induce the beating phenomenon with the purpose of giving low-
frequency vibrational exposure and sufficient perpendicular force of at least 6 

N to the handbreadth and 44 N to the legs by using small size components and 

relevant frequencies in coupled with a displacement range, according to the 

results of numerical studies.  
6. Experimental studies with the designed prototypes have shown a significant 

increase in limb temperatures after the low-frequency vibrational excitation 

where the average increase of 0.3 – 0.5o C of the hand, increases of 0.7o C on 
the Hallux toe, 1o C on the Long toe, 0.9o C on the right foot point and 1.5o C 

on the left foot point were registered after a 4 – 5 minute period. It also 

considered the potential influence of the relation between the numerically 
obtained natural frequency value of RBC of 4 Hz and the range of frequencies 

of external vibrations. Furthermore, the validity of the designed means of 

vibrational excitation was confirmed by registering the decrease of average 

(3.75 BPM) and maximum (2.5 BPM) values of heart rate after the vibrational 
exposure.  
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