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"IMENSBIONAM AMb¥818 MOBEb EOKAMb¥TICAb EVAMATION
OE PKOPA"8ION POKCE IN 8POKT8 ACTIYITIES

MeTa. Mogenb aHanisy po3mipHOCTell BUKOPUCTOBYETLCA ANl aHANi TUYHOTO BMPA>KEHHS 3aNe>K-
HOCTIi (Pi3NYHOT BENNYMHU Bif HU3KWN €KCMEpPUMEHTanbHO OTpPUMaHUX i3nYHUX napameTpiB,. Takum YMHOM,
BMKOPWUCTOBYKUYM MeTO[ aHanisy go6byTKYypo3MipHOCTEiA, ¥ Liih poboTi aHani TMYHO BM3HAYEHO BUPa>KEHHS
pyWwiiHoi cunn Tina NOAWHW B CNOPTMUBHIN AisnbHOCTI. MeToan. MeTod aHaniTUYHOrO MO/ENIOBAHHA 3
BUKOPUCTAHHAM EKCMEPUMEHT albHUX CNOCTepe>KeHb. PesynbTaTu. EKCnepuMeHTanbHUMU CNOCTepe>keH-
HAMW SIK aBTOpiB, TakK i 3i cnewianbHOT NiTepaTypy BU3HAYEHO LUBMAKICTb PyXy, BiACTaHb, Ha AKY 34iCHIO-
€TbCA PyX, TPMBaNiCTb pyXy, Bary Tina Ta BiK iHAMBIAA K OCHOBHI NapamMeTpy, IO BNAMBATb Ha pyLiiiHy
cuny. MeTop nepepbavae Bubip Hesane>XHux abo (yHAaMeHTanbHUX PO3MIpiB, 3a [AONOMOTOK SKKUX
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Gopmyromucs 6e3posmipHi nponopyii ax Ons PYWLitiHOT cunu, max i 01 iHWUX Qisuynux napamempis, po3-
MIpHIiCIb SKUX 3a7ex4CUMb 8i0 YHOAMEHMANbHUX po3Mipia. J[a eunaoky, npoananizoeanozo 8 yiii cmammi,
OCHOGHUMY GeNUYUHAMYU OV NPOIOeHa GIOCHAHb, MPUGANicms pyxy ma eaza miia moounu. Memooom
006YmMKY posmipHocmeti 6Y10 OMPUMAHO AHATIMUYHUT 6UPA3 PYULITIHOL cuiu AK 0obymKa Qisuunux napa-
Mempia, pO3MIPHOCII AKUX € OCHOGHUMY, | (PYHKYIEIO, GUSHAYEHOIO 30 OONOMO20I0 AK 3ANeHCHUX QisuuHux
napamempisa, max i OesaKUx He3aneNCHUx, YYHKYiclo, susHayeHolo excnepumenmanvho. Ha ocrogi cneyiansnol
Jimepamypu @USHAUEHO DYHKYII0 3aNeHCHOCII 3aNeHCHUX | He3aNexiCHUX QisuuHUX napamempia, o 00380714¢
yyceibHe MOOenoganHs. Bucnogox. Memoo 0o6ymxy posmipHocmeti, npedcmagnenuil y yiti cmammi, MOXCHA
BUKOPUCMOBYBAMU 8 CQhepi CHOPMY, 30Kpema MpeHYSANbHOMY Npoyeci, KoM Qi3udHy 8euduHy, uo sane-
HCUMB 81O HUSKU EKCNEPUMEHMANBHO CHOCMEPENCYBAHUX QISUYHUX napamMempia, NOMpIiOHO eupasumu
PO3PAXYHKOGOMY GUPASL.
Knwouosi crosa: pyuiitina cuna, weuoxicms, gaza mina, oucmanyis 6izy, 8ix

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].

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-
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yene in Ike anaiyref pkenotenon. Tken, appiying eilker Ike Tiayieigk Telkog or Ike progucl
Telkopa, Ike pkysicai ia” i3 e3labiizkeq baseg on Ike pkysicai guanlilies Ikal gelertine Ike
consigeres pkenotenon.

MeibogsBiTtensional anaiy3iz Toaei by !be progucl teiboa. Tke progucl Telkop
slarl3 rrot Ike consigeralion Ikal a gitensionai guanlily or Ike anaiyref pkysicai pkerno-
Tenon, P, i3 arunclion or “n” gitensionai gmanlilies, genoleg ab a2, ....,an , or ke rorr:

P =/{ai,a2, a n. (1)

1T i3 consigereq Iiiai ike rirst K “man”iiies (k< n) baVe ingepengeni gitensions, ibese

being ckosen a3 runpgatenlai guanlilies. In Iki3 case, Ike pgitension3 or Ike pgepengenl

Ananlilies ak+l, .., an can be expre3ses in lert3 or Ike gitension3 or Ike rungartenlai
avanlilies al,a2, .., aK.

Tke rir3l 3lage or “ork on Ike progucl Telkopg consisl3 in eslabiisking Ike guanlilie3
Ikal parlicipale ang inrivence Ike anaiyreg pkenotenon. TKi3 3lage i3 nsnaiiy experitenlai.

Tke 3econg 3lage consisl3 in ckoosing Ike guanlilies Ikal can be consigereg run-
patenlai. A3 runpgatenlai amanlilies can be ckosen eilker Ike rmngatenlai auanlilies or' Ike
3yslet or TeasureTenl unil3 in ~kick one i3 ~orking (u3waiiy Ike inlernalionai 3y3slet, 18),
or a cerlain nutber or guanlilie3 Ikal inleryene in Ike 3lugiegq pkenotenon; in Iki3 3econg
case, Ike rungatenlai gnanlilie3 ckosen Tn3l Teel Ike roiiowng 1”0 congilions:

* lo be ingepengenl rroT a gitensionai poinl oryie”, Ikal i3, Ike 3ire or a rungarenlai
ananlily cannol be oblaineg Ikromagk a reialion or Ike pgitension3 or Ike olker
rmngatenlai guanlilies;

» Ike gitension3 or Ike runpgatenlai guanlilies aiio”™ Ike giTensionai expression or aii
olker periyep (gnepengenl) guanlilies.

Tke pitension3s or Ike rungatenlai guanlilie3 al, a2, ..., ak are noleg a3 roiio”3:

1 =Al [a2]=A2, , [ak]= Ak. 2)

Tke pitensions or Ike gnanlilie3 P, ak+l, ..., an wii be expre3seq w Ik Ike reialions;
[p]=a;"lea;"2.... AY-, [ak+]= APleA22........ A* [an]= A’1eA’2eecA-- 3)

Ir Ike Teasureten! unil3 or Ike rungartenlai guanlilies are ckangen, ror exatpie Ikey
increase or fgecreaze wlk ala?2,..,ak lites, Iken Ike nuTericai yaines or Ikese guanlilies

ang or Ike gnanlilies P, ak+l, ..., an in Ike ne” 3y3leT or teasuretenl unils, wii be:
— T, W
a1 -—a 1My, P=a l'a %-..ai,,l_P

P p?
az =az2‘'az ak+l =aplmp2 memmy (K W+l @)

axk — dx Mk an :apllapz--i kK BB n

In Ike ne”™ 3y3leT or Teasuretenl unilza Me wii kaye Ike expression:

i us Tl T
a 1*a 2"'ma™k'P=al m22e™y W(ala2, .. an)=

(5)
I'(alab ..., a Kak, a plmaP? memag- m K+, .., apl -agIZ -aﬁk an)

99



BicHuk MNpukapnaTCcbKoro yHiBepeuTeTy. ®isnuHa KynbTypa. Bunyck 40

Tbe euwnaiiiy in reiaiion (5) 3bo”3 ibe aci ibai ibe 'mnciion “I” i3 boTtogeneouns in
reiaiion io ibe ingepengeni 3caie ab a2, ak coelTicienis. Tbe cboice ol ibe3e coelTicieni3
i3 Tage in 3ucb a “ay a3 io obiain ibe reguciion ol ibe nuwber ol argutenis ol ibe “I™
Mmnciion. A 3y3ieT ol TeasureTeni unii3 i3 cbosen in 3ucb a ~ay ibai ibe yaines ol ibe Tirsi K
argutenis in ibe Iirsi pari ol refaiion (5) are eunai io ibe unii, respeciiyeiy ol ibe 'orT:

. 1 1 1
ai = ,a2= , ,aK= : (6)
al a2 ak

Por ibi3 3y3ieT ol Teasureteni uniis, ibe nutericai yaives ol ibe P, ak+l, ..., an pararteiers
are expressef by ibe refaiions:
P a
ak+l n

= 1 = n-K
Tl 12 ,TK Pl P2 P a4 .42
ay'g2°  ak ar 'asd  ak- al '@

li i3 easy io yeril'y ibai ibe 3ire3 M, Mb ..., M n-K are gitensioniess.
Tbe iniiiai reiaiionsbip P =T (ab a2,..., ak,ak+l, ,an) can ai3o be ~riiien in ibe

4K (7)

lort:
n=ra173..M1 ,Nnk=M1M1,M02, ,M0nkK). (8)
In ibi3 May, ibe reiaiionsbip beXXeen ibe “n+1” pitensionai uyuaniiiies P, al, ..., an,
ingepengeni ol ibe cboice ol ibe 3y3ieT ol TeasureTeni uniis, can be Tiiien inibe ort ol a
reiaiionsbip beXeen “n+1-k” ang I,M1, .., MNn-k gitensionie33 yunaniiiies. Tbi3 resuii i3
ai3o kno”n a3 Ike n IkeoreT or Ike proOwvcl IkeoreT.
Kesuiis
Poiiownp ibe experiteniai ob3eryaiions, ibey ~ere consigeres a3 pbysical paraTeiers
ibai inlMwuence ibe propwuision lorce, ibe 3pees ol ToyeTteni, ibe pgisiance oyer "bicb ibe
ToyeTeni i3 Taje, ibe guraiion ol iite loribe ToyeTeni, ibe Ta33 ol ibe buTan 3ub]eci ang,
ii3 age. Tke ciepencience "'mnciion lor ike propuision orce can be \yriiien a3 rolio\ys:
Pp=/0.ri,M,T,age), 9
Abere: V- 3peef, 4 - irayei pgisiance, Ai - ibe iiTe ibe ToyeTeni iake3, T - Ta33 ol ibe
3ubleci ang age - age ol ibe butan 3ub]eci.
Tbe umnaniiiie3 A, Ai ang T are cbo3sen a3 M'mngateniai ymnaniiiie3 ang ibe gitensioniess
profucis are consirucies:
P \Y ane
Mn= 2 y 1= M
ima4'AN2'TR in'All T r 1'A(N2'T1"3 (10)
Tbe lNorTuia ibai esiablisbes ibe 'unciionai link beXXeen ibe lye giTensionai pbysical
Yunaniiiies P =/ (y,IZ,Ai, T, afge) i3 reguces, ibanks io ibe appiicaiion ol ibe proguci

Teibopg, io a lortuia beXXeen gitensioniess progucis:
n=/(4y, N2. (11)
Nee peiertine ibe exponenis ,Fang X ,i=1 2,3 I'roT ibe congiiion ibai ibe
progucis M, M , M 2 are giTen3sioniess.
Por I ~e pei:
[H] M'b'T 2

=M A 1yA T2
1T~ 'Mb

(12)
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In orrier io Paye iPe riiwensionies3 3ire conriiiion ruiriiieri, iPe exponeni3 or iPe riiwensions
M, b anri T wun3i be egunai io rero, respeciiyeiy:

1- B =0 4i=1
<l- ux=0 A <p2=-2. (13)
-2-02=0 WB=1
Por Mlwe pgel:
[,] M R VLI (14)
Ew..MB

lwposing iPe conriiiion or riiwensionie3sness, iPai iPe exponenis or riiwension3 b, M anri T be
eamai io rero, “e obiain:

1- 1 =0 r=1
<-1-12=0 =1 (15)
- ng=0 r =0
Por M 2™e pei:
E ml .M, 1np
Ml o mucE my X (16)

lwposing iPe conriiiion or riiwensionie33ness, iPai iPe exponenis or riiwension3 b, M anri T be
eamai io rero, “e obiain:

- X =0 N=0
<1- x2=0 "N =1 (17)
- X =0 X =0

M3ing reiaiion (11) e can obiain iPe anaiyiicai expression or iPe propuision rorce, in
iPe rorw:

(VmAI age”
Az ' E A
li i3 obseryeri iPai iPe runciion:
VmAl age
~ N QAT

E (18)

o . afe
i3 riepenrieni, in iPi3 case, oniy on iPe raiio A , becanse:

viA v
E _/\
Ai
LUrier iPe3e conriiiions, refaiion (18) iakes iPe roruw:
Emr ape”
EP ) ) -fl( 'D' [
"AE"’ \V AI y

=V =]1=COTi.
\Y

(19)
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Por iPe nutericai 3siwwuiaiion, ~e consiriereri a groump ol" 10 3ub)eci3 running oyer a
riisiance ol 60 weiers, l'or *PicP ~e Paye iPe yaivnes giyen in lable 1

Tabie 1
ExperiTeniai yalve8

Mo. A Ai T afe ape/Ai

|1 [3i [kai [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

\YiiP ibe Heip ol nuTericai ciaia, ibe age = / (Ai) grapP can be cPa\lyn, figure 1

Pigwe 1. bepenPence beitoeen age anp Ai

TPe rigpi, Pra™n in biack in Tignure 1, "PicP approxiwaie3 iPe reai curye, warkein by
clol8, Pas3 iPe expression:
y = 10.217 -x - 81.008, (20)
"Pere:y =agpe anp X = Ai.

TPe 3iope ol iPi3 iine i3 consiani anp represenis preciseiy iPe / 1l unciion, ii Pa3 a yaine ol
10,217.
LLIPer iPe3e conPiiions, reiaiion (19) becowes, in iPi3 ca3e, ol iPe lorw:

Ae
P =10.217 - : (21)
‘ Ai
TPe yaines obiaineP lor iPe propwuision lNorce n3ing reiaiion (21) are giyen in iabie 2.
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Table 2
Yalwves (or propwision (orce
Ne. ane T M Pp
crl. [years] [xa] [3] (N1
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

OI8CIB8IOI8 anri conclm8lon8

Prot Ike anaiysi3 or Ike yaine3 caicuialein ror Ike propuisiye rorce, accoriing lo labie
2, il i3 ob3eryein Ikal a3 Ike age increases, Ike propwuisiye rorce rliecreases, Ike iirrerence
beleen Ike waxiwwnw anin Ike winiwnw yaivne being 33.2%. Tke arapkic represenlalion or
Viie propuision orce ciepenciing on ibe 3ubJecP3 age i3 presenieci in Figure 2.

ATonpg Ike iiye pKysicai paratelers consiitereit lo iniimence Ike propuision rorce, il can be
obseryeii Ikal, in Ike enid, oniy Ikree or IkeT kaye a iirecl inivence (4 T, J1i) anii Ike rourlk (age)
Ka3 an infinence giyen by a conslanl Ikrovngk Ike giyen runclion by Ike ralio (age//i).

Tke prealer Ike nutber or pkysicai paratelers, Ike cioser Ike yaine or Ike anaiyrei
pkysicai guanlily (Ike propwuision rorce, in Iki3 case) i3 lo Ike reai yaine. Tke 103l Jiirlicnil
3lage or Toreiing Ikrongk Mitensionai anaiysi3s i3 Ikal or relertining Ike runclion, ienolei
by / in reialion (11), a3 il i3 nece33ary lo inlerpoiale anii Tile Ike egmalion or Ike
inlerpoialion curye.

Conclusion. Tke proiiucl Telkoli presenleit in Iki3 paper can ai3o be useii in Ike iieM
or 3porl3, “ken a pkysicai guanlily iepenitenl on a nutber or experitenlaiiy ob3eryei
pKysicai paratelers i3 iiesirein lo be expresseli in a caicuialion expression.

i. T.E. Ciarke, E. C. Preiterick, b. B. Cooper. (1983). Errecl3s or 3koe cusbioning vpon grovnri reaclion rorces
in running. Inlernalionai lowrnai or 8porl3 Meriicine. 4(4): 247-251.
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