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DIMENSIONAL ANALYSIS MODEL FOR ANALYTICAL EVALUATION
OF PROPULSION FORCE IN SPORTS ACTIVITIES

Mema. Mooenv ananizy posmipHocmel GUKOPUCMOBYEMbCS OISl AHANIMUYHOSO BUPANCEHHS. 3AI1eHC-
Hocmi (DI3UYHOT 6EIUMUHI 6I0 HU3KU eKCNEPUMEHMALbHO OMPUMANUX Qizuunux napamempis,. Takum dunom,
BUKOPUCMOBYIOUU MEMOO AHANIZY 00OYMKYpOIMIpHOCHEN, Y Yitl poOOmi AHATIMUYHO BUZHAYEHO SUPAIICEHHS]
PYWiUHOT cunu mina moOuHu 8 CNopmusHiu OisinbHocmi. Memoou. Memoo ananimuunozo MoOen08aHHs 3
BUKOPUCMAHHAM eKCNEPUMEHMATIbHUX cnocmepediceiv. Pesynbmamu. Excnepumenmanvrumu cnocmepesicen-

97

A IvoaA P FRumecrv E Mentivanv B 2022


https://evnuir.vnu.edu.ua/bitstream/123456789/12016/1/Oksana%20Martyniuk
mailto:o.tsibanyuk@chnu.edu.ua
http://orcid.org/0000-0001-5421-9460
mailto:o.nikolaychuk@chnu.edu.ua

Bicnux Ipuxapnamcokoeo ynisepcumemy. ®i3uyna Kyiaprypa. Bumyck 40

HAMU SIK A8MOpI6, MAK I 3I CReYianIbHOL AiImepamypu U3HAYEHO WEUOKICMb PYXY, 8I0CMAHb, HA AKY 30ilCHIO-
€MbCsL PYX, MPUBANICMb PYXY, a2y Mild ma GiK IHOUBLOA SIK OCHOBHI nNapamempu, wo eNIU6AIOMb HA PYULIUHY
cuny. Memoo nepedbauac 6ubip He3anexHcHUx abo @OYHOAMEHMATbHUX pO3MIpI6, 3d O0NOMO2010 AKUX
dopmyromoca 6e3posmipui nponopyii AK 0A pYWItHOT cunu, max i 01 iHwux Qi3uyHuUX napamempis, pos-
MIpHICIb AKUX 3a1eXHCUMb 8I0 QYHOAMEHMATbHUX PO3MIpI8. [ unaoky, npoanHanizoeaHozo 8 yill cmammi,
OCHOBHUMU BeIUYUHAMU OYIU NpoliOeHa i0CMAHb, Mpuearicme pyxy ma eaza mina n00uHu. Memodom
006ymKy posmipHocmeil 0y10 OMPUMAHO AHATIMUYHULL 8UPA3 PYWINIHOI cunu AK 006ymKa QisuuHux napa-
Mempie, pO3MIPHOCMI AKUX € OCHOGHUMU, i (YYHKYI€I0, GU3HAUEHOIO 3a 0ONOMO2010 AK 3ANeHCHUX (DI3UUHUX
napamempis, max i 0esaKux He3anexdcHux, QyHKyicro, susHauenoio excnepumenmanvio. Ha ocnosi cneyianvroi
aimepamypu 8usHa4eno PYHKYII0 3aNeAHCHOCHI 3aNEeHCHUX | He3ANeNHCHUX QI3UUHUX napamempis, wjo 00360€
yucenvre mooenosanns. Bucnosox. Memoo 0o0ymky po3miprnocmeii, npedcmasnenuii y yiti Cmammi, MOXCHA
suKopucmogysamu 6 cepi cnopmy, 30Kpema MmpenysaibHOMy npoyeci, Koau QisuuHy eeruuuny, wjo 3ane-
HCUMb IO HU3KU eKCHePUMEHMATbHO CNOCMEPedCY8aHux @QIisuuHux napamempis, NOMpIOHO eupasumu
PO3PAXYHKOBOMY BUPASI.
Knrwuosi cnoea: pywiiina cuna, weuokicms, eaza mina, oucmanyis oiey, ik

Aim. The dimensional analysis model is used to analytically express a physical quantity dependent on a
number of physical parameters observed experimentally. Thus, using the method of dimensional analysis
products, in this paper, the expression of the propulsion force of the human body, in sports activities, was
analytically determined. Methods. Analytical modeling using experimental observations. Results. The experi-
mental observations, both by the authors and from the specialized literature, have identified as the main
parameters that influence the propulsion force, the speed of movement, the distance over which the movement
is made, the duration of time for the movement, the mass of the human subject and the age of the individual.
The method involves the choice of independent or fundamental dimensions, with the help of which dimen-
sionless proportions are formed, both for the propulsion force and for the other physical parameters whose
dimensions depend on the fundamental dimensions. For the case analyzed in this paper, the fundamental
quantities were the distance traveled, the time duration for the movement and the mass of the human subject.
With the help of the product method, the analytical expression of the propulsion force was obtained as a
product between the physical parameters whose dimensions are fundamental and a function defined with the
help of the dependent physical parameters and some of the independent ones, a function that is determined
experimentally. Based on the specialized literature, the dependence function of the dependent and independent
physical parameters was determined, so that the numerical simulation is possible. Conclusion. Te product
method presented in this paper can also be used in the field of sports, when a physical quantity dependent on a
number of experimentally observed physical parameters is desired to be expressed in a calculation expression.

Key words: propulsive force, velocity, body mass, running distance, age.

Introduction

The propulsive force of the human body has a major effect on the dynamic stability of
athletes, with either a positive effect, by obtaining the desired performance, or a negative
effect, by the accidents that may occur. The propulsion force represents the previous compo-
nent of the reaction force between the foot and the ground, the latter being easily determined
experimentally. The force of reaction with the ground is used in all analyzes regarding
walking or running, both for young people [1, 2, 3, 4, 5] and for elderly people [6, 7]. This
reaction force and the propulsion force, also depends on the characteristics of the running
surface, due to the corresponding elastic and frictional components [8, 9]. With the help of the
ground reaction force, walking patterns [10, 11], athletic performance [12], impact loads,
especially on the joints [13], the provocation of various musculoskeletal pathologies [14, 15]
or the evaluation of different types of orthoses [16, 17]. Due to the fact that the measurements
reflect individual values, statistical models were also used for generalization. Thus, various
statistical techniques were used, such as principal component analysis and functional data
analysis. Principal component analysis is a technique to reduce large data matrices into
orthogonal principal components, which can explain the major modes of variation in the data
set [18, 19, 20, 21]. Functional data analysis treats the entire data set as a function defined
with a finite discrete time point [22].
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This work aims to present an analytical-experimental modeling method based on
dimensional analysis [23]. Dimensional analysis provides a method of reducing complex
physical problems to their simplest form before obtaining a quantitative answer. Dimensional
analysis requires first, usually experimentally, to establish the physical quantities that inter-
vene in the analyzed phenomenon. Then, applying either the Rayleigh method or the product
method, the physical law is established based on the physical quantities that determine the
considered phenomenon.

MethodsDimensional analysis model by the product method. The product method
starts from the consideration that a dimensional quantity of the analyzed physical pheno-
menon, F, is a function of “n” dimensional quantities, denoted a;,a,,...., a,, , of the form:

F=f(a,a,,..,a,). 1)
It is considered that the first k quantities (k< n) have independent dimensions, these

being chosen as fundamental quantities. In this case, the dimensions of the dependent
quantities ay,4,....,a, can be expressed in terms of the dimensions of the fundamental
quantities a;,a,, ..., ay .

The first stage of work on the product method consists in establishing the quantities
that participate and influence the analyzed phenomenon. This stage is usually experimental.

The second stage consists in choosing the quantities that can be considered fun-
damental. As fundamental quantities can be chosen either the fundamental quantities of the
system of measurement units in which one is working (usually the international system, IS),
or a certain number of quantities that intervene in the studied phenomenon; in this second
case, the fundamental quantities chosen must meet the following two conditions:

e to be independent from a dimensional point of view, that is, the size of a fundamental
quantity cannot be obtained through a relation of the dimensions of the other
fundamental quantities;

e the dimensions of the fundamental quantities allow the dimensional expression of all
other derived (dependent) quantities.

The dimensions of the fundamental quantities a;, a,, ..., a are noted as follows:

l]=A1 [a2]= Az s [ak]= A )

The dimensions of the quantities F, a4, ...., a,, Will be expressed with the relations:
[Fl=AM™ ATz ..... ATK, [aga]=Al ARz ... APk, [a ]=Al . AL ... Al (3)
If the measurement units of the fundamental quantities are changed, for example they

increase or decrease with o, a,, ..., o) times, then the numerical values of these quantities
and of the quantities F, ay.4,...., @, in the new system of measurement units, will be:

ai:a‘l'al F’ZOC;_“l'OLanz ..... OL?k -F

—agP.gP2 Pk
dz =0 -8y e R S O™ - 8kq1 4)
al = oy -ay al, :afl agZ ..... aﬁk a,

In the new system of measurement units we will have the expression:
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r_ ml‘ m2 mk . _ ml_ mz mk . _

Fl=o,'-a, a -F=oyt-a, oy f(a;,ap,..,a,) = )
=f a a P P2 .. pk_a a9 . QK_a
=f(0tgag, ey Oy, 0t OL5% 0 By g sy O 0L 0 rR)

The equality in relation (5) shows the fact that the function “f” is homogeneous in
relation to the independent scale o, a5, ...., o) COefficients. The choice of these coefficients

IS made in such a way as to obtain the reduction of the number of arguments of the “f”
function. A system of measurement units is chosen in such a way that the values of the first k
arguments in the first part of relation (5) are equal to the unit, respectively of the form:

1 1
O =—,0 =—,..... y Ol = — (6)

For this system of measurement units, the numerical values of the F, a,,4,...., a, parameters
are expressed by the relations:

a
= F I, = k+1 - ’Hn_k:

1
My My My P 4P2 Pk U1 592 Ak
It is easy to verify that the sizes IT, IT4,...., IT,,_, are dimensionless.
The initial relationship F=f(a;,a,,.... ay,ax,q1,-- a,) Can also be written in the
form:

an

()

H:f(l,l,....,Hl, ..... ,Hn_k):fl(Hl,Hz, ..... ’Hn-k)' (8)
In this way, the relationship between the “n+1” dimensional quantities F, a,,....,a,,

independent of the choice of the system of measurement units, can be written in the form of a
relationship between “n+1-k” and IT,IT,...., IT,,_, dimensionless quantities. This result is

also known as the 7 theorem or the product theorem.

Results

Following the experimental observations, they were considered as physical parameters
that influence the propulsion force, the speed of movement, the distance over which the
movement is made, the duration of time for the movement, the mass of the human subject and
its age. The dependence function for the propulsion force can be written as follows:

E, = f(v,d, At,m,age), 9)
where: v — speed, d — travel distance, 4¢ — the time the movement takes, m — mass of the
subject and age — age of the human subject.

The quantities d, 4¢ and m are chosen as fundamental quantities and the dimensionless
products are constructed:

_ F, v B age

d% _AtqZ 'mq3 ' H1 = drl 'Atrz _mr3 ) HZ dW1 -Ath .mw3
(10)

The formula that establishes the functional link between the five dimensional physical
quantities F_ = f(v,d,At, m, age) is reduced, thanks to the application of the product
method, to a formula between dimensionless products:

= fl(Hl’Hz)' (11)

We determine the exponents Q,,I; and W,, i =1, 2, 3, from the condition that the

products IT, I1,II, are dimensionless.
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For IT we get:

[H] — M =M 1-q5 | Ll—ql T -2-q,
qu .qu . M s (12)

In order to have the dimensionless size condition fulfilled, the exponents of the dimensions
M, L and T must be equal to zero, respectively:

1-9,=0 g, =1
1-qg,=0 = 40,=-2. (13)
—-2-q,=0 9, =1

For I1; we get:

0 -1
[Hl] — u M T (14)
Lrl ’T o, M r3

Imposing the condition of dimensionlessness, that the exponents of dimensions L, M and T be
equal to zero, we obtain:

1-r, =0 =1
~1-1,=0 = ir,=-1 (15)
-n,=0 r,=0
For IT, we get:
11, ]= LT M o o s, (16)
LT M ™

Imposing the condition of dimensionlessness, that the exponents of dimensions L, M and T be
equal to zero, we obtain:

-w, =0

w, =0
1-w,=0 = <w,=1 (17)
w,=0

-w, =0

Using relation (11) we can obtain the analytical expression of the propulsion force, in

the form:
d-m v-At age
F = - f , ) 18
PAL? 1( d Atj (18)
It is observed that the function:
V- At age

( At

age
is dependent, in this case, only on the ratio % , because:

Xigcvx—:lezcmmt
d d v
At
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Under these conditions, relation (18) takes the form:
d-m age
F=2Mog 280, (19)
At At
For the numerical simulation, we considered a group of 10 subjects running over a
distance of 60 meters, for which we have the values given in table 1.

Table 1
Experimental values
No d At m age age/At
[m] [s] [ka] [years] [years/s]
1 60 10.12 74 23 2.272
2 60 9.95 68 22 2.211
3 60 10.63 81 24 2.257
4 60 10.08 70 21 2.083
5 60 10.54 73 23 2.182
6 60 9.91 69 20 2.018
7 60 10.91 76 35 3.208
8 60 11.73 80 41 3.495
9 60 12.05 79 45 3.734
10 60 13.12 83 50 3.810

With the help of numerical data, the age = f (4t) graph can be drawn, figure 1.
79

69

age (years)
P L I 5y
o A=} A=} (e}

[
o

9.5 10.5 11.5 12.5 13.5 14.5 15.5
Dt (s)
Figure 1. Dependence between age and A¢

The right, drawn in black in figure 1, which approximates the real curve, marked by
dots, has the expression:
y = 10.217 - x — 81.008, (20)
where: y = age and x = 4t.

The slope of this line is constant and represents precisely the f; function, it has a value of
10,217.
Under these conditions, relation (19) becomes, in this case, of the form:
-m
F,=10.217- d

t?

(21)
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The values obtained for the propulsion force using relation (21) are given in table 2.

Table 2
Values for propulsion force
Nr. age m At Fo
crt. [years] [ka] [s] [N]
1 20 69 9.91 430.701
2 21 70 10.08 422.329
3 22 68 9.95 421.053
4 23 74 10.12 442.940
5 23 73 10.54 402.824
6 24 81 10.63 439.433
7 35 76 10.91 391.416
8 41 80 11.73 356.425
9 45 79 12.05 333.524
10 50 83 13.12 295.586

Discussions and conclusions

From the analysis of the values calculated for the propulsive force, according to table
2, it is observed that as the age increases, the propulsive force decreases, the difference
between the maximum and the minimum value being 33.2%. The graphic representation of
the propulsion force depending on the subject’s age is presented in figure 2.

450 l T o
430 o
410 Llwy \ o
390 l

370 '-l a1l
S

350 'J‘. 2l
330 ul \ o

310 tl

: al
290 Ll. \,
270 LI:
250 I T T

20 25 30 35 40 45 50

Figure 2. Dependence between F, and age

Among the five physical parameters considered to influence the propulsion force, it can be
observed that, in the end, only three of them have a direct influence (d, m, 4¢) and the fourth (age)
has an influence given by a constant through the given function by the ratio (age/Af).

The greater the number of physical parameters, the closer the value of the analyzed
physical quantity (the propulsion force, in this case) is to the real value. The most difficult
stage of modeling through dimensional analysis is that of determining the function, denoted
by f; in relation (11), as it is necessary to interpolate and write the equation of the
interpolation curve.

Conclusion. The product method presented in this paper can also be used in the field
of sports, when a physical quantity dependent on a number of experimentally observed
physical parameters is desired to be expressed in a calculation expression.
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