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Abstract  This paper presents an experimental and theoretical implementation of the influence of the run-walk treatment 
in the presence of an electro-magnetic field on energy burn increments in the human body, its metabolism, 
and finally on the decrements of the human body weight. The experimental research presented in this paper 
was performed using the following devices: a magnetic induction field produced by a new Polish MT-24 
Apparatus, a new German Magcell Arthro magneto electronic device, and a Segmental Body Composition 
Analyzer Tanita MC 780MA. The author's experience was gained in German research institutes, and practical 
results were confirmed after measurements and information from students and patients. Up to now, theoretical 
solutions have not been considered. The theoretical and numerical model presented was implemented by 
using the Mathcad 15 Professional Program. The main conclusion obtained in this paper can be formulated 
in the following sentence: The run-walk training implemented by an electro-magnetic magnetic field using 
tight sportswear leads to the increments of the dynamic viscosity of synovial fluid, changes the internal energy 
contained in the human body, increases the muscle weight, and the percentage of water in the human body; 
therefore, it accelerates the slimming process connected with the body weight decrements.

Słowa kluczowe:  bieganie, chód, elektromagnetyczna terapia, równania podstawowe, metabolizm, proces utraty nadwagi.

streszczenie  Niniejsza praca stanowi teoretyczną i eksperymentalną implementację wpływu biegania i chodu w obecności pola 
elektromagnetycznego na wzrost energii spalania w ciele człowieka, na jego metabolizm, a ostatecznie na zmniej-
szenie wagi i masy ciała. Badania doświadczalne przedstawione w pracy przeprowadzono dzięki wykorzystaniu 
następujących podmiotów i urządzeń: nowy polski aparat MT-24 wytwarzający pole indukcji magnetycznej, nie-
miecki magnetoelektroniczny aparat Magcell Arthro, Analizator Składu Masy ciała Tanita MC 780MA na licencji 
japońskiej, doświadczenia badawcze pozyskane w niemieckich instytutach badawczych, wywiady od studentów-
-sportowców i pacjentów. Do tej pory modele teoretyczne nie były rozpatrywane. Prezentowany w niniejszej pracy 
teoretyczno-numeryczny model został implementowany Profesjonalnym Programem Mathcad 15. Do najważniej-
szych rezultatów zawartych w niniejszej pracy zalicza autor wzrost lepkości cieczy synowialnej i potu, wzrost ener-
gii wewnętrznej zawartej w ciele człowieka, minimalny wzrost wagi i masy mięśni, wzrost procentowej zawartości 
wody w organizmie, zmniejszenie masy i wagi sportowca uprawiającego biego-chody implementowane polem 
elektromagnetycznym z wykorzystaniem w trakcie biegania ciasnego kompletu dresu treningowego.
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iNTroDUcTioN

 It is a well-known fact that run-walk training with the 
treatment of the properly applied magnetic induction 
field leads to the betterments of numerous human 

diseases and, moreover, it increases human metabolism 
[l. 1–5]. During the electro-magneto-therapy treatment, 
a variable-pulsed magnetic induction field is produced 
in the surroundings of the joint gap and its hyper-elastic 
cartilage surfaces.
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Despite the abovementioned results, the influences 
of the mutual interactions of the run-walk training using 
tight sportswear and electro-magnetic field treatments 
on the basal metabolism, i.e. basal metabolic rate 
therapy and on the human body weight decrements, 
have not been examined in a theoretical manner taking 
into account coupled fields of hydromechanics and 
hyperelasticity [l. 6–11].

The motion of human limbs during a run-walk 
accelerates the hydrodynamic synovial liquid lubrication 
of hyper-elastic deformed cartilage and the hydrodynamic 
sweat lubrication of deformed skin. This effect is 
illustrated in the paper in the presented theoretical model 
using considerations of the constitutive relations for bio-
hydrodynamic lubrication of non-Newtonian bioliquids 
with the corresponding dependencies for hyper-elastic 
non-homogeneous bio-surfaces coated with a nano-
membrane PL bilayer.

Governing equations presented in the theoretical 
model indicate that successful human joint lubrication 
and a proper metabolism process during the run-walk 
training simultaneously completed with electro-
magnetic treatment require the exact values of therapy 
parameters, including the following: an interval of 
magnetic induction values, for example, in mT; the 
treatment duration; the amplitude and frequencies 
of electro-magnetic field lines; and the shape of the 
magnetic induction field lines. The abovementioned data 
will be considered in this paper.

Taking into account theoretical and experimental 
research, we can compare the values of the metabolism 
process data obtained in an experimental and analytical 
manner [l. 12–17]. Many developed and developing 
countries face the same problems of the effect of running 
on the human metabolic process, thus our results may be 
important for compartmental studies aiming at solving 
these problems all over the world.

mATeriAls 

To perform a theoretical evaluation and comparison of 
the results obtained with experimental data indicating 
the influence of the human body and joint cartilage run-
walk treatment in the presence of an electro-magnetic 
field on the energy burn increments, metabolism, and 
finally on the decrements of the body weight, it is 
necessary to show in this section those materials which 
are used during the realization of the tasks.

In this paper, the following kinds of materials are 
considered: 2.1 Lifeless materials, i.e. new magneto-
electronic devices for measurements, elastic tight fitting 
one-piece and two-piece sportswear for training, and  
2.2- Living materials, i.e. human joints and skin. At 
first, in this section, new magneto-electronic devices 
are presented and described. For example, some 
particular treatment-measurement results obtained 

in this paper using a new Polish MT-24 electronic 
device are compared in Fig. 1a and Fig. 1b with the 
corresponding results gained using German PEMF-
Magcell-Arthro electronic devices [l. 14–17]. In both 
devices, a magnetic induction field was delivered from 
an external side. They are described as follows:
• A new Polish MT-24 Apparatus presented in Fig. 1a 

produces a magnetic induction field from 0 to 20 mT, 
with frequencies from 1 to 100 Hz and amplitudes 
from 0.5 to 8s. The weight of the MT-24 Apparatus is 
600N, and its size is 142×364×335 mm [l. 17]. The 
power supply has the values of 230V/50Hz/300W.

• Another German Apparatus: PEMF-MAGCELL-
ARTHRO presented in Fig. 1b with recently applied 
treatment in knee, elbow, and hip osteoarthritis 
illustrated in Fig. 1b cooperates with a proper 
gymnastic training woman using elastic tight fitting 
one-piece sportswear [l. 2, 4, 14, 16, 18]. 

• The Magcell Arthro Apparatus presented in Fig. 1b 
is hand held and battery-driven; no coils are used 
for field generation. The disc area of 28 cm2 is 
magnetically active and available for treatments. 
The disc rotation is varied in 2 Hz steps to produce 
frequencies between 4 and 12 Hz. The Magcell 
device produces a time varying magnetic induction 
field of about 105 mT flux density [l. 1, 4, 14].
Other applicators with various magnitudes 

(for diameters 200, 315, 600 mm) are illustrated 
in Figs. 2a, b. Such applicators deliver a magnetic 
induction field with sinusoidal, rectangular, and triangle 
shapes to the pathological cartilage on the joint surface 
and simultaneously on the human skin [l. 17, 18].

             a)        b)

Fig. 1.  Application of the Polish and German electronic 
device: a) a new multi-channel MT-24 Apparatus 
with a new control system, cooperates with 
persons woman in tightly sportswear, b) Magcell 
Arthro Therapy Device cooperates with two 
persons treated by electro-magnetic field in tight 
sportswear

Rys. 1. Zastosowanie polskich i niemieckich urządzeń elek-
tronicznych: a) wielokanałowy polski aparat MT-24 
z nowym systemem sterowania współpracuje z osobą  
w obcisłych dreso-rajtuzach, b) terapeutyczny aparat 
Magcell Arthro aplikuje pole elektromagnetyczne 
dwóm osobom ćwiczącym w dreso-rajtuzach 
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a)                                                     b) 

Fig. 2.  Applicators: a) AS-200N, AS-315N, AS-600N 
[L. 26], b) gymnastics implemented by Applicators

Rys. 2. Aplikatory magnetyczne: a) AS-200N, AS-315N, AS-
-600N, b) gimnastyka implementowana aplikatorami

Two kinds of Japan Segmental Body Compositor 
Analyzers (SBCA) TANITA BC-418 MA and SC 240 
are illustrated in Fig. 3.

a)                                         b)

Fig. 3.  Segmental Body Composition Analyzers: a) SBCA, 
BC-418 MA, b) SBCA, SC-240

Rys. 3.  Analizator składu masy ciała: a) SBCA, BC-418 MA, 
b) SBCA, SC-240

The SBCA, BC-418 MA presented in Fig. 3a 
consists of 5 body segments: the trunk, the left arm, 
the right arm, the left leg, and the right leg. An accurate 
segmental body composition profile is printed within 
seconds. It is possible to perform an 8-polar bio-
electrical impedance analysis (BIA). A handy printout 
shows results of the following:  BMI, BMR, body fat 
percentage, fat mass, fat free mass, total body water, and 
the desirable ranges for fat in percentages and fat mass.

SBCA, SC-240 presented in Fig. 3b has a clear 
body composition monitor. The device is light (about 
4.53kg) and highly portable with a built-in handle. It has 
a large platform (43.7cm×34.2cm) to measure weight. 
It has an ability to provide a more detailed analysis 
when connected to an external device, such as a PC. 
The aforementioned analyser measures the human body 
weight in kg, the BMI index in kg/m2, the external 
human body fat in percentage, water in the human body 
in percentage, the internal human body fat on a scale 
from 1 to 59, the human muscle mass in kg and in 
percentage, the human bone mass in kg, and the human 
Basal Metabolic Rate (BMR) in Kcal/day. Hence, we 
can calculate the human metabolic age [l.19].

Living materials 

Figure 4 presents magnetic induction treatment by 
means of an internal and external administration of an 
electro-magnetic field into and onto the human joint 
cartilage. Such bodies include the following living 
materials: the normal human joint, and the cartilage with 
the phospholipids bi-layer. The PL-bilayer lining with 
the negatively charged hydrophilic cartilage surfaces in 
various human natural joints are presented in Figs. 4a, b. 
The figures show the synovial fluid flow between 
two PL-bi-layers in rotation and squeezing motion, 
respectively. Hydrodynamic pressure distribution is 
presented in Figs. 4c, d [L. 19, 20].

In Figs. 4a, b, c, d, the following notations are 
assumed:1-the PL-bilayer (2nm height), 2-hydrated –
PO4

− group, and hydrated sodium ions, 3-synovial fluid, 
4-collagen and cartilage region, 5-Liposom occurring in 

a)                                                 b)     

Fig. 4. Joint gaps limited by the various shapes of the 
phospholipid (PL) bilayer membrane: a) the 
elliptic or spherical shapes of the PL bilayer in 
lubrication by rotation, b) the parabolic shapes of 
the PL bilayer in lubrication by squeezing, c) right-
linear shapes of the PL bilayer in lubrication by 
shift or displacement, d) Synovial Fluid (SF) and 
hydrodynamic pressure between the curvilinear 
PL bilayer sheet and Liposome &Micelle

Rys. 4. Szczeliny stawowe ograniczone przez fosfolipidową 
(PL) dwuwarstwową membranę o różnych kształtach: 
a) eliptyczny lub sferyczny kształt dwuwarstwowej 
membrany PL smarowanej w ruchu obrotowym, 
b) paraboliczny kształt dwuwarstwowej membrany 
PL smarowanej przy wyciskaniu, c) prostoliniowy 
kształt dwuwarstwowej membrany PL smarowanej 
przy przesuwaniu, d) SF i ciśnienie hydrodynamiczne 
pomiędzy krzywoliniową dwuwarstwową membraną 
PL a komórkami liposomów lub Miceli

c)                                               d) 
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synovial fluid, 6-hydrodynamic pressure distribution, 
W-Load, P-hydrodynamic pressure force, R-Repulsion 
force, V-velocity of the upper surface, and FR-Friction 
force,η-viscosity distribution of synovial fluid.
• PL-bi-layers lining the negatively charged 

hydrophilic cartilage surfaces with hydrodynamic 
pressure P in the human natural hip joint presented 
in Fig. 5a can be supplied by external PEMF (pulsed 
electro-magnetic field) [l. 21]. 
The joint gap in Fig. 5a is limited by the upper 

and lower phospholipid membrane (PL-bilayer), and it 
is filled with synovial fluid. We have the load carrying 
capacity force denoted by the letter P, and it is caused 
by the hydrodynamic pressure obtained from squeezing 
during the lubrication process. The repulsive force R 
is visible here that is caused by the negatively charged 
phospholipids membrane, especially of the (−PO4

−) 

groups with sodium counter-cations strongly hydrated in 
the presence of synovial fluid. Such charged surfaces are 
observed on both external PL bilayer surfaces contacting 
synovial fluid. Magnetic particles are combined with 
hydrogen ions H+ in SF that enables the necessary and 
desired SF viscosity increments [l. 22–24]. In general, 
the senses and lines of forces R and P are the same. 

The repulsion force R caused only by the 
electrostatic charged cartilage surface is negligibly 
small, but a mutual conversion of the aforementioned 
charge with power hydrogen ion concentration pH 
in SF leads to about 5 percentage decrements of 
the synovial fluid (SF) dynamic viscosity. Supplied 
Pulsed Electro-Magnetic Field (PEMF) from an 
external side by the MAGCELL device to the PL-
membrane has the quantity of current density J of 
about 43 mA/m2 [l. 5], and it generates repulsion 
forces as it gives important SF viscosity increments 
suitable for osteoarthritis treatments [l. 1, 4, 14, 16, 
18]. The load force W of the presented human joint 
has, in general, a reverse sense.

The gap filled with sweat between the sportsman`s 
external skin surface and internal surface of the tightly 
fitting sportswear with hydrodynamic pressure effects 
are presented in Fig. 5b. Moreover, Fig. 5b shows the 
phenomenon of hydrodynamic pressure after sweat 
lubrication in the thin gap between the movable external 
skin surface and leggings or a tightly fitting sportswear 
surface.

meThoDs

Experimental and theoretical methods are presented here 
to show the influence of running in an electro-magnetic 
field on human joint and skin lubrication in metabolic 
processes. The methods presented in this section are now 
exactly and adequately divided into the following parts: 
3.1-theoretical and numerical methods, 3.2 -experimental 
methods, and 3.3- anamnesis methods.

Analytical methods

Now we are going to show the analytical methods 
to present the advantages of running, walking, and 
magnetic therapy. Analytical considerations are valid 
for the following three mutually connected problems: 
lubrication methods of the human joint in the presence 
of PEMF, the skin of human body lubrication by sweat, 
and the human body weight loss methods and its hyper-
elastic skin deformation. Synovial fluid flows in the 
human joint gap and sweat liquid flows between the 
human body and the elastic sportswear [L. 15, 22, 23, 
25]. The lubrication problem of the human joint cartilage 
and skin surfaces is presented by means of magneto-
hydrodynamic equations, namely, the conservation 
of momentum, continuity, energy, and Maxwell’s 
equations. 

Fig. 5. The effects of hydrodynamic pressure: a) Pulsed 
electro-magnetic fields (PEMF) from external 
device into the phospholipid membrane lying 
on the cartilage superficial layer for squeezing 
lubrication, b) Sweat lubrication in the gap 
between skin and elastic tightly fitting sportswear. 
Notations: 1 – PL bi-layer, 2 – lipids with negative 
charge, 3 – SF-synovial fluid, R – repulsion force,  
J – current density supplied from PEMF-MAGCELL 
device

Rys. 5. Efekty ciśnienia hydrodynamicznego:a)pulsujące 
pole elektromagnetyczne (PEMF) dostarczane do 
membrany PL z zewnątrz w trakcie smarowania przez 
wyciskanie chrząstki stawowej we warstwie wierzch-
niej, b) Smarowanie potem w szczelinie pomiędzy 
skórą i ciasno dopasowanym elastycznym dresem 
sportowym. Oznaczenia:1 – dwuwarstwa PL, 2 – Li-
pidy z ujemnym ładunkiem, 3 – SF-ciecz synowialna, 
J – gęstość prądu z urządzenia PEMF-MAGCELL

a)

b)
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Cartilage and skin deformations are realized by 
the conservation of momentum equations for solid 
elastic and hyperelastic bodies. We assume a rotational, 
periodic and unsteady, isothermal incompressible flow 
of viscoelastic synovial fluid and non-Newtonian sweat 
in an electro-magnetic field, a periodic time-dependent 
gap height. In numerical considerations, the impact is 
examined of the electro-magnetic field on the synovial 
fluid and sweat viscosity increments, and the human 
joint’s load carrying capacity increments after an electro-
magnetic therapy. The abovementioned equations for 
synovial fluid and sweat are in the following forms: 
The equation of unsteady motion:

Divs + µ0(N∇)h + J × B = ρdv/dt,               (1)

The continuity equation:

                        div(v) = 0,                                 (2)

The reduced Maxwell equation:

                       ∇2H ≡ µmµe∂2H/∂t2,                          (3)

The conservation of energy equation:

div(º gradT) div ) - Div - T ( 0,+ ∇ =(vS v S v )Hµm Ξ   (4)

where 
s  – the stress tensor (Pa), 
v  –  synovial fluid velocity (m/s), 
h  – the magnetic intensity vector (A/m) with 

components (H1, H2, H3), 
B – magnetic induction field (T), 
N  –  the magnetization vector (A/m) with components 

(N1, N2, N3), 
µ m  –  the magnetic permeability coefficient of synovial 

fluid (mkgs−2A–2), 
µe  –  the electric permeability coefficient of synovial 

fluid (s4A2m–3kg–1), 
κ  –  thermal conductivity coefficient of synovial or 

sweat liquid (W/mK), 
Ξ  –  the first derivative of the magnetization vector 

with respect to temperature (A/mK), 
T  –  temperature (K). 

We assume that synovial fluid is a good insulator, 
i.e. its electric conductivity coefficient attains very small 
values of about 0.0001 S/m. Moreover, for synovial fluid 
and sweat liquid, the second-order approximation of the 
general constitutive equation given by Rivlin and Ericksen 
can be written in the following form [l. 5, 9–11]:

s = −pi+η0A1+ α(A1)
2+ βA2,  

A1 ≡ l + lT, A2≡grad a + (grad a)T+2lTl,     (5)

a ≡ L v +
∂
∂
v
t , 

where 
p  –  pressure, 
i  –  the unit tensor, 
A1(Θij), and A2(Θij) – the first two Rivlin–Ericksen 

tensors, 
Θij(vi)  − strain tensor (shear rate) components(s–1), 
vi  − velocity vector components (m/s), 
L  − the tensor of gradient fluid velocity vector (s–1), 
lT  –  the tensor of the transpose of the matrix of the 

gradient vector of a biological fluid (s–1), 
t  –  time (s), 
a  –  the acceleration vector (m/s2). 

The symbols: η 0, α , β describe three material 
parameters of synovial or sweat liquid, where η 0 denotes 
dynamic viscosity (Pas), the symbols α and β determine 
the pseudo-viscosity coefficient (Pas2) and indicate the 
friction forces between viscoelastic particles of synovial 
fluid. The dynamic viscosity attains values from 0.003 to 
0.300 Pas for synovial liquid, and it changes in an interval 
from 0.001 to 0.004 for human sweat. The acceleration 
terms have been neglected. Only time derivatives of the 
velocity component have been retained. The tangential 
and vertical acceleration of joint surface, variable with 
time, is taken into account. We also neglect the terms of 
the order radial clearance Ψ ≡ ε/R ≅ 10−3, where R is the 
radius of curvature of bone surface, ε-characteristic gap 
height value, and we neglect the centrifugal forces. We 
assume that the components of the magnetic intensity 
vector and the components of the magnetization vector 
are constant in the height direction of the joint gap. 
We apply the curvilinear orthogonal system of co-
ordinates α1, α2, α3 in relation to Lamé coefficients h1, 
h2, h3. From the boundary conditions of the thin layer, it 
follows that h2 = 1. The loss weight methods of human 
body are referred to indicate the manner of the human 
sliming process caused by the electro-magnetic field. In 
general, such a process is described by the equilibrium 
of momentum and the heat transfer equation for the 
cellular structure of cartilage tissue in the human joint 
and skin tissue on the human body. The aforementioned 
equation has the following form [L. 22, 23]:

       Div

div gradT
eS E J B

S S S S ,  

*

c cg g

* *

* * *

,+ + × =

≡ + + ( ) =
ρ

κ

0

0
           (6) 

  

We denote the following symbols: e[V/m] – electric 
intensity in tissue, ρe[C/m3 = As/m3] – electric space 
charge in the tissue. The symbols with an asterisk are 
related to the tissue body and its structure body. We 
denote: sc – classical stress tensor (Pa), scg  – congenial 
growth tensor of cartilage (Pa), sg – stress influences on 
the tissue growth(Pa). The electrostatic space charge for 
skin or cartilage attains values from 0.01 to 0.04 C/m2. Soft 
tissue may be regarded, ε, as a composite of non-isotropic, 
non-homogeneous, more or less incompressible finitely 
deforming damaging, linear or non-linear viscoelastic, 
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hypo-elastic, hyper-elastic, anisotropic, and non-linear 
elastic tissues. The hypo-elastic cellular structure of 
various internal fat tissues has the following properties: 
1. The tissue deforms reversibly, i.e. removing the 

load results in returning to the initial shape. 
2. The stress depends only on strain and stress can 

be a non-linear function on strain, and it does not 
depend on the rate of loading. 

3. The tissue has isotropic features, i.e. the response of 
tissue is independent of its orientation with respect 
to the loading direction [l. 22, 24].
Hypo-elastic models of cartilage feature are distinct 

from hyper-elastic cartilage models (or standard elasticity 
models) in that, except under special circumstances, they 
cannot be derived from a strain energy density function 
per unit cartilage volume U[Pa]. In joint applications, 
the non-linear behaviour of cartilage is often subjected to 
shear deformations characterized by invariant i2ε, while 
stress varies linearly with volume changes characterized 
by invariant i1ε. Invariants are explained in Table 1. For 
such conditions, the function U has the following form 
[l. 25]:

    U K
n
n

n n

= ( ) +
+

( )









∗ +
1
6

2
1
0 0

1 2

I
I

1
2 2
ε

εε
τ ε ε

ε0
2

( )/

,           (7)           

where K[Pa] – bulk modulus, n-exponent in interval 
(0.6, 1.2) of the relationship between shear stress and 
shear strain in power law, τ0

*  [Pa] – characteristic value 
of stress, ε0[1] – characteristic value of strain. For large 
cartilage deformations, the relations between stresses  
τ ij
∗[Pa] and strains can be formulated using function 

(8.1). The constitutive equation for an homogeneous, 
hyper-elastic cartilage coated with the phospholipids 
bilayer has the following form:

τ
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ε δ
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       (8.1)

for i, j = 1,2,3, where δij-unit Kronecker tensor component 
(δij = 1 for i = j) and (δij= 0 for i ≠ j). For elastic, isotropic 
and non-isothermal cartilage properties that are valid in 
the Duhamel Neumann constitutive relations between 
the stress tensor s* with the components τij

* and the 
strain tensor ε with dimensionless strain components εij 
are described in the following form:

τ ε ε α δij ij kk T ijG KT* *= + −( )2 3Λ ,              (8.2)

For elastic cartilage, we have following parameters: bulk 
modulus K[Pa] = Λ+2G/3, the shear modulus of cartilage 
G[Pa] = E/[2(1+ϑ)], dimensionless Poisson ratio ϑ, 

Λ[Pa] = Eϑ/(1+ϑ)(1−2 ϑ), Young’s modulus E[Pa], 
the cartilage thermal coefficient of linear expansion 
αT[K−1]. For soft cartilage with large deformations, the 
geometrical relation between dimensionless strain tensor 
components εij and displacement vector components 
ui[m] are as follows:

 ε ij i j j iu u= +( )1
2

,                    (9)

for i, j = 1, 2, 3. The calculations that present lubrication 
in the presence of PEMF and the slimming process 
require an implementation of the abovementioned 
system of Eqs. (1-4, 6) by the proper constitutive 
dependencies between the stress and strain relations (5, 
7, 8), non -linear geometrical relations between shear 
rate Θij and velocity components vi for the lubricant (see 
Table 1 row 2 column 1) or between strain components 
εij and displacement vector components ui for the skin, 
and cartilage Equation (9) and equation in Table 1 row 
2 column 3.

We put the constitutive Equation (5) with 
geometrical relations (Table 1, row 2 column 1) into 
thermal equations of lubricant motion (1),(2),(3). The 
aforementioned system (1-3) is mutually coupled with 
the equilibrium of momentum (6) for hyper-elastic solid 
body (skin, cartilage) completed by physical (7), (8) and 
geometrical (9) relations. Finally, the obtained system 
(1, 2, 3, 6) determines unknown lubricant velocity vector 
components, skin or cartilage displacement vector 
components, hydrodynamic pressure and temperature. 

Hydrodynamic pressure, load carrying capacity, 
and temperature distributions in the human joint gap and 
in the gap between the skin and the tight sportswear are 
solved by means of the quasi half numerical Frobenius 
small parameter method implemented by the finite 
difference method using the Mathcad 15 Professional 
Program.

The hydrodynamic pressure and temperature 
obtained have an indirect influence on the increments 
or decrements of internal human body energy (7), on 
increments of calories burnt and finally on the loss of 
human body weight (see Fig. 6).

Table 1 contains characteristic values of congenial 
and congenial growth, strains and stress tensor 
components occurring in bio-fluids, the human skin, 
and the joint cartilage during walking and running for 
considered speed intervals, finally in the slimming 
process. The method of energy loss and the human 
weight increment process by virtue of Eqs. (1-9) and 
formulae presented in Table 1 is illustrated in Fig. 6.

Running leads to the increments of the calories 
burnt inside the human body. From energy Equation 
(4) and hyper-elasticity equations, it follows that the 
obtained increments of calories lead to the decrements 
of the cellular structure of adipose, elastic, muscular, 
and connective tissues. Therefore, the slimming effect 
follows  the loss of the human body weight (see Fig. 6).
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Table 1. Key physical relations in the aspects of bio- hydrodynamic lubrication for non-Newtonian bio-liquids with the 
corresponding connections with elastic, hyper-elastic, non-homogeneous bio-surfaces coated with PL-bilayer

Tabela 1. Kluczowe związki fizyczne w aspekcie biohydrodynamicznego smarowania dla nienewtonowskich cieczy w powiązaniu 
ze sprężystymi i hipersprężystymi, niejednorodnymi biopowierzchniami pokrytymi dwuwarstewką PL

No Non –Newtonian Sweat and Synovial Liquids Elastic, Hypo-Elastic, Hyper-Elastic
Skin and Joint Cartilage 

Main physical relations for liquids 
(Sweat &Synovial) with its terms of 

expansion 

The variation values 
of parameters 
describing the 

successive relations 

Main physical relations for solid 
body (Skin &Cartilage) with its 

terms of expansion 

The variation 
values 

of parameters that 
describe successive 

relations

1

s-sh: Stress τ(Pa)––shear rate Θ (1/s)
non-linear constitutive relations

S S Sc cg g+ + = − ⋅ + ⋅p I Iaδ η2 1 2( , )
θ θ

ΘΘ

Invariants of the shear rate tensor Θ:
ΙΙ

ΙΙ

11

22

θ

θ

( ) ,

( )

Θ Θ

Θ Θ Θ

=

=

kk

ijk imn jm kne e1
2

p-hydrodynamic pressure[Pa],  
δ unit tensor

δ ≡ ≡
1 0 0
0 1 0
0 0 1

11 12 13

21 22 23

31 32 33

, ΘΘ
Θ Θ Θ
Θ Θ Θ
Θ Θ Θ

eijk – extensor Levi-Civity.

Congenial stress scg:
1Pa< τ <5 kPa,

growth stress tensors 
sg: 

0.01Pa< τ <0.1 kPa
Shear rate:

5 s−1<Θ<104 s−1,

s-s:Stressτ (Pa)––strain ε(1):
non-linear constitutive relation for r 
hyper(hypo)elastic cartilage stresses
 are (are not) derived from strain 

energy density function:
       U = U(I1ε, I2ε, I3 ε).

Invariants of the strain tensor 
εε = ε ij :

ΙΙ

ΙΙ

ΙΙ

11

22

33

ε

ε

ε

ε ε

ε ε ε

ε ε ε

( ) ,

( )

( )
!

=

=

=

kk

ijk imn jm kn

ijk rmn ir jm

e e

e e

1
2

1
3

εε εkn ≡ det

s = ∂
∂

= + + +
U
εε

δδ εε εεα α α0 1 2
2 ..

S S Scg g= + ,

δ unit tensor, αi(I1ε,I2ε,I3ε), – 
dependent on the invariants of 

strain tensor 

Intervals of stress 
and strains:

scg Congenial 
Stresses:

1MPa<τ<170MPa,
sg Growth Stresses:
0.1MPa<τ<17MPa,
Congenial Strains:

 0.1<ε<3.4,
Growth Strains:
 0.01<ε<0.30,

2

 s-v: shear rate Θ (1/s) – velocity 
v(m/s)non-linear geometrical 

relations:

Θij i j j i

i j
i j

j

i

j

kk

v v

v
h

v v

h
h v

h
h

i j

i
i j

k

k

= +( )
≡ − +

=

1
2

1

1

3
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∂

∂α

∂

∂α
δ

∂
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hi – Lame coefficients

walk: 0.01m/
s<v<1m/s,

run: v>1m/s 

s-d: strain ε (1)−displacements u(m):
non-linear geometrical relations:

ε

∂

∂α

∂

∂α
δ

∂

∂α

ij i j j i

i j
i j

j

i

j

kk

u u

u
h
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h
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i j
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=
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hi– Lame coefficients
geometrical non-linearity terms for 

hyper(hypo)elastic cartilage
remain included in additional terms

Interval for 
displacements: 
10−6m<u<10−5m, 

3

Non-Newtonian Power Law model 
of synovial fluid flow lubrication 

as a dependence between apparent 
viscosity ηa in Pas and shear rate in 
1/s formulated by invariants only

ηa
n

n

m n= −−

−

2 1
2

1

1
2

( ) ( ) ( )ΙΙ ΙΙ221
2 Θ Θ

m(n)-consistency coefficient [Pasn]
0.5<n<1.5

  0,03Pas<ηa<0.60Pas

Elastic, Hypo-Elastic, Hyper-Elastic
Anisotropic cartilage: the response 
of the cartilage body is  dependent 
on its orientation with respect to 

the loading direction.
Isotropic cartilage: the response 
of the body is  independent on 

its orientation with respect to the 
loading direction

Anisotropic cartilage: 21, 15, 13, 9 
independent elasticity modules.

Isotropic cartilage: two 
independent elasticity modules 

namely EX, EY; whereas EX= 
Young modulus, EY= υ Poisson's 
ratio for cartilage equals = 0.35,

Elastic: 12 MPa<EX<50MPa,   
Non-elastic: min(EX1,EX2…) = 6MPa, 

 max(EX1,EX2,…) = 60MPa 

Homogeneous 
cartilage: Each 

elastic modulus has 
a constant value 

independent of the 
localization place 
on or inside the 
cartilage body.

Non-Homogeneous 
cartilage: At least 

one of elastic 
modules has variable 
values dependent of
the localization place
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Fig. 6. A view of the sliming process of human body tissue.
Rys. 6. Pogląd na utratę masy tkanki ciała człowieka

By virtue of Equation (7), the electro-magnetic 
therapy increases the internal density energy U[Pa] 
inside the hyper-elastic tissue (i.e. index n≠1) and it 
decreases energy U inside elastic tissue. 

The increments of internal energy U lead to the 
increments of the calories burnt in the tissue. Therefore, 
there is a decrement of the cellular structure and a loss of 
the human body weight.

We can now consider the case when the e-m field 
leads to the decrements of internal density energy U[Pa] 
inside a tissue with elastic features (i.e. index n≠1). 
The biological tissue has elastic properties of barely 
5%  and hyper-elastic features attain 95%. Therefore, 
such decrements of internal energy cannot create any 
change to calories burnt, and thus they lead directly 
to the decrements of the cellular structure of adipose, 
elastic, muscular, and connective tissues. Therefore, the 
slimming effect is connected with the loss of the human 
body weight. Such a process is presented in Fig. 6. Bio-
fluids (synovial liquids, human sweat) and solid living 
materials (joint cartilage, PL-bilayer, human body skin) 
have various viscoelastic, hyper-elastic, hypo-elastic 
features [l. 26].

Experimental methods

Three young girls are taken into account with the 
following data:
• U-18 years old, height 1.57m,weight 69kg, i.e. 

BMI=27.99;
• V-19 years old, height 1.61m, weight 74kg, i.e. 

BMI=28.54;
• W-20 years old, height 1.62m, weight 75kg, i.e. 

BMI=28.57.
The Segmental Body Composition Analyzer 

(SBCA) TANITA BC 418 MA applied for student-girls 
U, V, W gave the following data presented in Table 2: 
The Tanita SBCA provide the most accurate and detailed 
data in bioelectric impedance testing (the author`s own 
research). 

The experimental method is based on the sport 
training effects obtained for selected (U, V, W) healthy 
girls, aged 18, 19, and 20, with similar heights and 
with the similar SBC (Segmental Body Composition); 

see Table 2. The amount of daily steps, distances in 
kilometres, total calories, and calories burnt were read 
from the SBC and from the BC-418MA Analyzer.

Table 2. Data read from the SBCA BC-418-MA before 
training for student-girls U, V, W

Tabela 2. Odczyty SBC z analizatora BC-418-MA przed tre-
ningiem dla studentek U, V, W

Name of Segmental Body 
Composition  (SBC) 

parameter

Girl U
 before 
training

Girl V
 before 
training

Girl W
 before 
training

Weight (kg)  69             74  75

BMI (kg/m2) = Body Mass in 
kg /square of human height 
in m2

27.99 28.54 28.57

External body fat in % 29 30 31

Water in % 45 46 47

Internal body fat (-) 14 16 17

Muscle mass kg 55 60 61

Bone mass kg 2.1 2.2 2.3

Chest(bust) circumference cm 121 123 125

Abdomen circumference cm 71 75 77

Circumference of the hips 115 120 121

BMR, Kcal 1700 1750 1650

Metabolic age (in year) 22 23 24

Anamnesis methods

This method is realized from two sources. In the first 
source, we obtain data from the author`s own and 
literature measurements. In the second source, we obtain 
data after an individual inquired anamnesis from 20 
patients in Tech. High School Mittelhessen Giessen in 
Germany.

resUlTs

Experimental Results obtained after walk-run 
training

The run and walk of each girl (U, V, W) was performed 
twice daily for 60 minutes, which is a total of 25000 steps 
over a distance of 18 km in a period 10 days. Girl U was 
running and walking in classical loose sportswear. Girl 
V used tightly fitting sportswear. Girl W was running 
and walking in tightly fitting sportswear with the PEMF 
Magcell Arthro Device in the sportswear pocket. The 
applied electro-magnetic field attained frequencies of 
about 15 Hz and a magnetic induction of about 70 mT. 
The training effects in the form of SBC data from the 
BC-418-MA analyser for student-girls U, V, and W are 
presented in Table 3.
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Table 3.  SBC data read from the BC-418-MA after 10 days 
training for students: U (loose sportswear),V 
(tightly fitting sportswear), W (tightly fitting 
sportswear and magnetic field)

Tabela 3. Odczyty SBC z analizatora BC-418-MA po 10 
dniach treningu studentów U (luźny dress),V (le-
ginsy, obcisły dres), W (leginsy obcisły dres i pole 
magnetyczne 80 mT)

Name of Segmental 
Body Composition  
(SBC) parameter

Girl U
 after 

training

Girl V
 after 

training

Girl W
 after 

training

Weight(kg)  66.5           69.1  69,7

BMI (kg/m2) 26.97 26.65 26.55

External body fat in % 27.0 26.0 25.0

Water in % 46 48 49

Internal body fat (-) 13 14 14

Muscle mass kg 56 61 62

Bone mass kg 1.9 2.0 2.1
Chest (bust) 
circumference cm 121 124 126

Circumference of the 
abdomen cm 70 73 74

Circumference of the 
hips 116 121  123

BMR,Kcal 1750 1840 1850

Metabolic age (in year) 21  21 21

Percentage SBC data obtained after training 
(Table 3) in comparison (in relation to) with the 
corresponding data before training (Table 2) are 
presented in Table 4 for girls U, V, W.

DiscUssioN  oF  FricTioN  PheNomeNA  
iN  BioloGicAl lUBricATioN

The trial of mathematical methods of the influence of 
PL concentration on the joint friction coefficient in 
molecular level undertakes A. Gadomski et.al. [l. 24], 
where, after solving molecular energy equations, he 
obtained dependencies determining slow increases of 
the friction coefficient in time and on the basis of the 
flexural dissipation law, which enables one to show 
the dependence of viscosity decreases in time for 
constant temperature. Finally, it follows that viscosity 
is inversely proportional to the friction coefficient. 
From the classical theory of lubrication, it follows that 
the increments of the dynamic viscosity of lubricant 
implies the increments of load carrying capacity and 
the increment of friction forces. Why do the increments 
of phospholipids concentration imply after Gadomski 
friction coefficient decrements? Z. Pawlak and A. Bojan 

et.al. in their researches, stipulated that the local large 
value of dynamic viscosity in synovial fluid cannot be in 
contradiction with the low value of friction coefficient. 
The confirmation of this statement was motivated by 
molecular chemise [L. 20]. The results of this paper are 
on the basis of the hydrodynamic theory of lubrication 
and based on previous research. In accordance with the 
Amontonson’s Law, we take following simple relations 
between the friction force FR [N], the load capacity P[N], 
and the dimensionless friction coefficient µf:
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     (10)

where η − dynamic viscosity of biological liquid [Pas], 
Us − linear velocity of bio-surface [m/s], S − the region 

Table 4. Percentage SBC data after 10 days training (see 
Table 3) in comparison to the data before training 
(see Table 2) for girl U (loose sportswear), 
V (tightly fitting sportswear), W (tightly fitting 
sportswear + magnetic field from PEMF device)

Tabela 4. Procentowe odczyty SBC po 10 dniach treningu 
(patrz Tab. 3) w porównaniu z danymi przed tre-
ningiem (patrz Tab. 2) dla studentki U (luźny dres), 
V (leginsy, obcisły dres), W (leginsy, obcisły dres 
i pole magnetyczne z urządzenia PEMF)

Name of Segmental Body 
Composition  (SBC) 

parameter

Girl U
 after 

training

Girl V
 after 

training

Girl W
 after 

training

Weight  96.38%           93.30%  92.9%

BMI (kg/m2)  96.38%           93.30%  92.9%

External body fat in % 93% 87% 80%

Water in % 102% 104% 104%

Internal body fat (-) 92.8% 87.5% 82.3%

Muscle mass kg;% 102% 102% 102%

Bone mass kg 100% 100% 100%

Chest (bust) 
circumference cm 100% 101% 101%

Circumference of the 
abdomen cm 98.6% 97.3% 96.1%

Circumference of the 
hips 100.8% 100.8%  101.6%

BMR,Kcal 102.9% 105.1% 112.1%

Metabolic age (in year) 95.4%  91.3% 83%
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of cooperating bio-surfaces [m2], εT− the average value 
of the total gap height in length units in the range of 
cooperating surfaces, ρ− density of biological fluid in 
range from 700 to 1150 kg/m3, Rρ− the curvature radius 
of cooperating joint surfaces in m. 

From Equation (10), it follows that the increases of 
synovial fluid dynamic viscosity implies the decreases 
of the friction coefficient because the value of Reynolds 
number Re = Us εTρ/η decreases. However, in these 
relations, the adhesion forces are neglected.

coNclUsioNs

After the performed experimental measurements and 
many experiments, including information from the 
training students (Table 2–4), and after the results of 
initial analytical and numerical considerations obtained 
by virtue of Eqs. (1-9) with formulae included in 
Table 1, we can present the following conclusions 
about the efficacy of the performed run-walk training 
implemented by the magnetic induction and electro-
magnetic treatments.
• The electro-magnetic field, cure, treatment, and 

run-walk training increases the mobility of nano-
particles inside the synovial fluid and sweat. Hence, 
the mutual contact increases between nano-particles. 
Therefore, the sum of internal friction forces 
increases between particles, and the synovial liquid 
and human sweat viscosity increases. Synovial 
fluid viscosity increments imply an enlargement 
of the human joint hydrodynamic pressure values 
calculated from Equations (1-2); therefore, the joint 
load carrying capacity values increases and the 
efficiency of human limbs increases. Sweat viscosity 
increments imply an enlargement of hydrodynamic 
pressure in the gap between human skin and tightly 
fitting sportswear. This pressure distributes on the 
total skin, and it penetrates through one- or two-
piece sportswear and reduces air-resistances during 
running and walking.

• The significant effects on the synovial fluid (SF) 
viscosity variations caused by electrostatic charge 

generated on the joint PL membrane and enlarged 
with the external PMEF are visible if two effects 
particularly in the presence of boosted squeezing 
and weeping joint lubrication are considered 
simultaneously, and if we have mutual influences 
of the power hydrogen ion concentrations after 
a dissociation process in the joint gap and proper 
electric charge on the superficial cartilage layer. 

• The pulsed electro-magnetic field (PEMF) applied 
during running and sport training increases synovial 
fluid dynamic viscosity; therefore, friction force 
(10) increases directly and, taking into account 
the hyper-elastic properties of cartilage or skin, 
the strain energy density function (7) increases 
indirectly. These increments indirectly magnify the 
human metabolic process.

• The pulsed electro-magnetic field (PEMF) applied 
during running and sport training achieve the 
following:
– Indirectly decreases the human metabolic age 

(HMA), and 
– Indirectly increases the Basal Metabolic Rate 

(BMR in Kcal) index, in comparison with the 
human metabolic age and with the BMR values 
in Kcal occurring after running or walking 
without pulsed electro-magnetic fields (PEMF) 
effects.

• After the performed measurements, it follows that 
running in an electro-magnetic field leads to the 
synergetic increments of the hydrodynamic pressure 
in human joints, because these increments are 
larger than the sum of pressure increments caused 
by separate running without an electro-magnetic 
field and pressure increments caused by the electro-
magnetic field without running.

• The pulsed electro-magnetic field (PEMF) applied 
during running and sport training increases the 
water contents, and it decreases both external and 
internal fat in the human body in comparison with 
the water content, as well as both external and 
internal fat in the human body, which occurs after 
running or walking without the effects of pulsed 
electro-magnetic fields (PEMF).
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