N
N

N

HAL

open science

Walking dynamic similarity induced by a combination of
Froude and Strouhal dimensionless numbers: Modela-w

David Villeger, Antony Costes, Bruno Watier, Pierre Moretto

» To cite this version:

David Villeger, Antony Costes, Bruno Watier, Pierre Moretto. Walking dynamic similarity induced
by a combination of Froude and Strouhal dimensionless numbers: Modela-w. Gait & Posture, 2015,

41 (1), pp.240-245. 10.1016/j.gaitpost.2014.10.016 . hal-01662982

HAL Id: hal-01662982
https://laas.hal.science/hal-01662982
Submitted on 13 Dec 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://laas.hal.science/hal-01662982
https://hal.archives-ouvertes.fr

Original Article

Walking Dynamic Similarity Induced by a Combination of

Froude and Strouhal Dimensionless Numbers: M odela-w

Authors:
David Villegef, Antony Coste’s Bruno Watiet "and Pierre Moretfo
Affiliation:

& University of Toulouse, UPS, PRISSMH, 118 route Ni#rbonne, F-31062 Toulouse Cedex 9,
France

® University of Toulouse, CNRS ; LAAS ; 7 avenue dionel Roche, F-31077 Toulouse,

France

Corresponding author:

David Villeger

PRISSMH

Faculté des Science du Sport et du Mouvement Hu(R28MH)

Université de Toulouse Ill, 118 route de Narborfa81062 Toulouse Cedex 9, France.
Phone: +33 (0)6 51 49 11 58 / +33 (0)5 61 55 64 40

Fax: +33 (0)5 61 55 82 80

Email: david.villeger@univ-tlse3.fr

Word count (abstract): 176 words
Word count (Introduction through Refer enceswith appendix): 2998 words
Number of figure: 3 figures

Number of table: 2 tables



Walking Dynamic Similarity Induced by a Combination of Froude and

Strouhal Dimensionless Numbers: M odda-w

Abstract

The aim of this study was to assess the accurb@y reew dimensionless number
associating Froude (Nfr) and Strouhal (Str) calMddela-w to induce walking dynamic
similarity among humans of different sizes. Ninetsebjects walked in three experimental
conditions i) constant speed, ii) similar speedr)Nind iii) similar speed and similar step
frequency (Modela-w). The dynamic similarity wasakaated from scale factors computed
with anthropometric, temporal, kinematic and kioetiata and from the decrease of the
variability of the parameters expressed in themafsionless form. Over a total of 36
dynamic parameters, dynamic similarity from scaetdrs was met for 11 (mean r = 0.51),
22 (mean r = 0.52) and 30 (mean r = 0.69) paramétethe first, the second and the third
experimental conditions, respectively. Modela-w oaleeduced the variability of the
dimensionless preceding parameters compared tatther experimental conditions. This
study shows that the combination of Nfr and StlechModela-w ensures dynamic similarity
between different-sized subjects and allows s@&ntto impose similar experimental

conditions removing all anthropometric effects.

Keywords. dynamic similarity; spring mass model; center adsst similar speed; similar

frequency.



1. Introduction

Dynamic similarity studies allow for the compansof the locomotion between
species [1] and the reduction of different-sizeljscts inter-individual variability [2,3]. The
concept of dynamic similarity states that two syseare dynamically similar when all the
lengths, the masses and the times of the sma#flezcaral to those of the taller by multiplying
them with the same coefficients ,CCy and G which represent the basis scale factors.
Therefore, all other mechanical scale factors aterdhined from the combination of the
basis scale factor, such as speed, force or imgUiable 1). The main challenge when
studying locomotion in different-sized specimens tds define experimental conditions
enabling dynamic similarity to be observed. Dynasimilarity between two systems is met
in particular conditions, which depend on the natfrthe force involved.

The Inverted Pendulum (IP) consists of a body magesented at the Center of Mass
(CoM) oscillating at the end of a massless rigignsent [4], and is mainly used to model
walking because of the out-of-phase relationshigvben potential §, = mgh; m the mass,

g the gravity and h the CoM height) and kinefig & 0.5mv?; v the speed) energies. The
ratio of & and B can be simplified to Froude numbe¥fir = 2Ex/Ep). Many studies
consider Nfr as the normalized speed (dimensiordpsgd) and use it to compare different
species [1] or subjects speeds reported to a deaistc length. Another use of Nfr is to first
determine Nfr fractions, then walking speed adaptedody length [2,3]. These authors
demonstrate that it is a good mean to establistamie similarity between different-sized
subjects. Note that this method aims to imposareddfr fraction to the subject (i.e. a same
energy ratio).

However, more recent studies have shown the limit®nsidering the walking gait as
an IP [5,6]. These works suggested the presencanog¢lastic phenomenon in walking.

Therefore, the Spring Mass Model (SMM) seems toabapted [7]. SMM, taking into



account an elastic component, Elastic Enefgy= 0.5kAl? with k for the spring stiffness
and Al for the variation of the spring length), couldaplan important role in mechanical
energy conservation in walking as it has been shovdo in running [8].

The SMM is a conservative systeRy; + Ep + E; = constant. Besides the energy
transfer that occurs at the CoM during running (Bladr; [9]), in walking a transfer occurs
from Ex to B and E in the first half of stance, and then, conversalyhe second half.
Indeed, upon reaching the apex of CoM trajectoBg ificreases) the spring is under
compression (Eincreases) and the CoM speed is reduceddgcreases); then, the CoM
returns to its initial height (Edecreases), the spring length recovers its regthe(E:
decreases) and the CoM speed risgsitiEreases). We propose to develop the energyaatio
follows and to name it Modela-w:

Ex (mgh+(1/2)kAlz)_1 _ (2 mgh kAlz)

Ep+EEg - (1/2)771172

2
Modela-w = = (2 gk L 1o Alz) (1)

with fy = \/k/m; (v?/gh) is usually referred to as Nfr.
As the authors [1,2] suggested, given a concomiiaa of Nfr and Strouhab{r =
frequency X length/ velocity) to induce dynamic similarity in running which sesa the

same SMM with walking, Modela-w can be expressedfimand Str terms:

5o —1
= (22 BED) T = N+ ser?) )

Ep+Eg - v2 v2

Thus, Modela-w reveals a combination of Nfr and $todela-w = 1/(2Nfr~! + Str?)
and is adapted to explain the energy transfer tltaurs during walking if an elastic

component is considered.



Our study aims to ensure dynamic similarity amdifterent-sized subjects using a
combination of Nfr and Str for walking through thetroduction of Modela-w as a
dimensionless number issued from the energy trarsdfédhe CoM. The main idea is to
determine similar conditions for different-sizedbmcts inducing similar behaviors, and

therefore the decrease of inter-subject variabilftgdimensionless parameters.

2. Methods
2.1. Population

Nineteen healthy men (n=19) took part in thigdgt after signing an informed
consent document. They were chosen so as theyhkashime density index (mass / helpht
to respect the proportionality law inducing thdestl as the heaviest and vice versa. Their
characteristics were (mean x sd [min; max]): age B3[18; 36] years, height 1.79 = 0.07
[1.68; 1.94] m, mass 80.7 = 11 [64; 102.9] kg aedgity index 14.01 + 0.42 [13.27; 14.85]
kg.m®. All were familiarized with walking test performeth a treadmill. The CoM height)(l
was determined from th& isubject’s anatomic positiorni ¢ [1,n]) with the anthropometric
model of De Leva [10]. In order to assess leg jaingles, the center of rotation of the hip

was determined using the SCoRE method [11].

2.2. Experimentation
2.2.1. General procedure

For three dimensional kinematic analysis, 42 otifle markers were fixed on subject
bone landmarks [12,13]. They performed walking gesith speed and/or step frequency
determined from Nfr and Str. To define the expentakconditions, Nfr and Str respectively
equaled ta? /gl and tofl/v; with g the gravity, f the frequency oscillatiohtbe CoM, | the

CoM height and v the forward speed. Experimentatias realized on a treadmill (PF 500



CX, PRO FORM, Villepreux, FRANCE) mounted on a kargrceplate sampled at 1 kHz
(AMTI, Watertown, MA, USA) in a space surrounded twelve optoelectronic cameras
sampled at 200 Hz (VICON, Oxford's metrics, OxfodkK). After a familiarization period,

the subjects had to perform three trials per walkest [14] that were repeated in different

experimental settings.

2.2.2. Experimental conditions (EC)
The experimentation consisted of three steps eéetail Fig. 1 and below: i) same speed
(ECspeen, i) similar speed (i.e. same Froude, Ng&} and iii) similar speed and similar

frequency (i.e. same Nfr and same Str, then sanseMen, EGiop).

ECspeeD

The subjects performed four walking stages witredpeset at 0.56, 1.11, 1.67 and 2.22'm.s
(Eq. 3) corresponding to increments of 0.556 (s 2 km.h"). The procedure presented
below was repeated for each speed stage. Thefipgrimental condition consisted of setting
the same speed for all subjects:

v; = constant = v (3)

ECnrr
The second experimentation step entailed imposindlas velocities. A mearNfr was

computed from E€er. Then, similar velocities for each subject weréedrined fromNfr
(Eq. 4)

vsim; = \Nfrgl; (4)

ECwmop



The third experimentation step consisted of impgpsmilar velocities (Eq. 4) and similar
frequencies (induced by a metronome). A m&arwas computed from BEr. Then, similar
frequencies for each subject were determined 8antEq. 5)

=— vsim;

fsim; = StrT (5)

4

2.3. Parameter s assessed
4™ order zero lag Butterworth filters were appliedimematic and kinetic data with a
cut off frequency set at 6 Hz and 10 Hz respedtiy&b]. Then, five consecutive cycles were

averaged at each speed stage.

Kinetic parameters

The ground reaction forces (GRF) were measured layge force platform under the
treadmill. The double support phase was detect@dh@ method of Verkerke et al. [16], and
GRF during double support were decomposed fromsitian functions [17]. The kinetic
parameters suggested by Delattre et al. [2] toystiwel GRF similarities during running were
adapted to describe vertical forces during walkiRyy. 2). Eight parameters were studied
aiming the reader comprehension of the results. different parameters are presented in
Fig. 2. From the vertical reaction force, the timfecontact (TC), the damping peak force
(DPF), the loading rate (LR) and the vertical ingsulVI1) were computed. LR (in N'
corresponded to the gain of force between 10% @64 &f the first vertical peak divided by
the time to reach this level. From the antero-pasteeaction force, we calculated the
braking peak force (BPF), the time to propulsivalkpéorce (TPPF), the braking impulse
(BI) and the propulsion impulse (P1).

The mass (m), the CoM height (I) measured in stehé@natomic position and the

CoM oscillation frequency (f), were considered tonpute the dimensionless values of the



kinetic parameters and normalize them with respethe basis dimensions [M, L and]T
(see Table 1). A “D” has been added as an exparfghe parameter acronym to differentiate

the dimensionless value from the real one.

Kinematic parameters

In addition to the dimensionless kinetic paranstdre variance of the dimensionless
stride length (SP) was studied.

The flexion extension angles at the ankle, the larek the hip were also calculated
and expressed in radian to respect the interndtiongy system and the dimensionless form.
In view of angle variability comparison, the avezdgcycle was normalized to 100 points

wherein each corresponded to a percentage of ttle.cy

2.4. Analysisto consider similarity

The similarity analysis was a two step proceddescribed in detail in the following
paragraphs. Briefly, the first step was based erctirrelation between the predicted subject-
paired scale factors (computed from basis scalorfgicand the measured subject-paired
scale factors (computed from measurements). Thendestep was to verify the variance
decrease of the dimensionless parameters. Expdahsatups that enable the increase of the
scale factors’ correlation and concomitantly deseethe variability will be considered as
successful means to induce a dynamic similaritwbeh different subjects.

A scale factor was a ratio of a mechanical paramaft one subject to another. With
19 subjects, 171 scale factors were built for gaafameter. Basis scale factors ,(Cy and
Ct) were derived from the three basis dimensionsnyf system (length, mass and time,
respectively). € was calculated by subject height ratios, predi€@gdwas computed from

Cm = C.° because the subjects had theoretically the samsitdéndex, and predictedC



depended on the experimental condition. Predictedesfactors were developed from the
basis scale factors (Table 1) and represented hewndividuals’ parameters should be
related if the conditions of dynamic similarity veemet. Measured scale factors were those
developed from the measurements of the mechanarahpeters. For instance, the predicted
scale factor between two subjects; &nd $ for the braking peak was
Capr = Crorce= GuCLCr? whereas the measured scale factor was €BPF/ BPF with
BPF the measured values. When for a given pararabtpredicted scale factors equaled all
measured scale factors, it could be stated thgbahemeter was similar or proportional from
one subject to another. We reiterate thataBd Gy (= C_.°) were given by anthropometry;

however, predicted Ovas dependent on experimental conditions andeiseoted hereafter.

ECspeeD

At the same speed, the speed scale factor (taltletdeen subjects (i and j) was:

Csprgp = o = C,C;* =1, thus G =C_withjO[1, n] and i#]. (6)

ECner
The speed scale factor between two similar veksitG C™) was equal to G (Eq. 7) that

induced a € = C.°°time scale factor.

:Zzzl \/Nng \/7 C 0.5 thUSCT — CBS (7)
J Nfrgl
ECwvop

The frequency scale factor between two similardeewies (§*) was equal to C°° (Eq. 8)

that induced the time scale factor af €C °°.

fsim; Strvsim;/1; vstml i

= c5¢crt = €%, thusCr = CP° (8)

fsim; — Strvsim;/l;  vsim; 1



It should be noted that the variance decreasenaértsionless parameters signifies a

more similar behavior [18].

2.5. Statistical analysis

All statistical analyses were performed with STATISA (STATISTICA V6,
Statsoft, Maison-Alfort, FRANCE) and aimed to hight which EC induce more similar
behaviors, and more decrease of the inter-subgedhility of the dimensionless parameters.
Normality was checked using the Kolmogorov-Smirn@st. For normal distributions,
parametric tests were performed else non parantests were used.

Statistical analysis performed on kinetic paramstale factors was divided in two
steps. First, a Spearman coefficient was compustdiden predicted and measured scale
factors for each parameter in each speed stager wasdh experimental condition. Only
significant correlations (p<0.05) were taken int@@unt. Then, Wilcoxon paired tests were
conducted to determine if there were significarftedences between the predicted and the
measured scale factors. If the Spearman correlataefficient was significant and the
Wilcoxon test did not reveal significant differenbetween predicted and measured scale
factors for a kinetic parameter, then the paramegesr considered as similar from one subject
to another. The same tests were repeated on mg3safd step time (g. Step time was
defined from forceplate data as the time betweeh $teke and contralateral heel.

An ANOVA with 3 repeated factors (Efeen EGyrr and EGyop) was conducted for
ankle, knee and hip angles at each speed stagedf)<0 detect the significant effect of the
experimental conditions on the inter-subject varearA Tukey post hoc comparison allowed

to refine the analysis.
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The homogeneity of variance of the dimensionleagpeters between the three
experimental conditions was tested with a Leverst (p<0.05). Then, the Fisher and
Snedecor F-test (p<0.05) was performed as a pastdasd to highlight which variance was

significantly different from the others. It was eged for the six speed stages.

3. Results

For kinetic parameter scale factors, two critevexe taken into account to determine
if one experimental condition produced more dynaminilarity than the others: first, the
numbers of parameters for which the measured aadiqted scale factors were correlated
and non-statistically different from each othererththe mean of the correlation value for
these parameters. The dynamic similarity resulés pesented below and in Fig. 3. They
were met for 11, 22 and 30 parameters out-of 3@&hyn parameters in EG=en EGyrr and
ECwvop, respectively. Similarity of €was found only in Efzop. The mean coefficients of
correlation for all parameters were 0.53, 0.52 @6® in EGpeepn EGyrr and EGyop.

The standard deviations of ankle, knee and hipeangre presented in table 2. The
lowest variability of angles of ankle, knee and higs met in EGer for the two first stages
except for variability of the knee at the 0.56 Tnspeed. The lowest variability of angles of
ankle, knee and hip was met in & for the other speeds. Moreover, \zggenerated more
variability of the three joint angles than the atbenditions at these stages.

Referring to table 2, Egr allowed to reduce the variability of a total of 13
dimensionless parameters compared tosdg€p The variability of 30 dimensionless
parameters decreased in \xfg compared to E&eep EGuop enabled to reduce the

variability of 32 dimensionless parameters compoeaGrr.
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Throughout the three experimentation times, rehstibetween Str and Nfr existed:
Str = 0.85Nfr=%26  (R?=0.91), Str=091Nfr %25 (R?=094) and Str=

0.91Nfr~%25 (R? = 1) in EGspeen EGurr and EGuop, respectively.

4. Discussion

The goal of this study was to ensure dynamic sintyl between different-sized
subjects using a new dimensionless number, ModelAsva combination of Nfr and Str,
Nmodela-w accounts for the energy transfer at thi! Quring walking.

The SMM was used to model CoM displacement in imglland to introduce Modela-
w. The SMM behavior in single stance is defined yYN- = 7) physical variables [19]:
gravity (g), mass (m), stiffness (k), initial spyitength (§), initial spring angle (), initial
landing velocity (y) and the angle of the initial landing velocit§o). They depend on 3
(Np = 3) base dimensions: length, mass and time. Aggl the SMM, theat theorem [20]
states that N— Np = 4 dimensionless numbers are necessary to destyitamic behaviors
of the SMM. And, the relationf (lp, m, w, K, g,B0,00) =0 can be reduced to that
¢ (Th, To, Te, Tu) = 0; With T, Tb, T8 and Ty the associations ofk / mv® = follo” / Vip?),
(glo/ Vo®), Bo and 6o, respectivelym andm can be expressed as?sand Nfi. Thus, our
approach focusing on energy fluctuation occurringha CoM to ensure dynamic similarity
by using Nfr and Str is in accordance with théheorem applied to the SMM.

Many studies compare mechanical parameters inngerdiionless form between
different populations. This procedure normalizes #ffect of the anthropometry, such as
height and mass, on assessed parameters [18]. ldgwmn similar conditions add an effect
of experimental conditions on dimensionless paramsetFor example, dimensionless
parameters between an adult and a child both wglainl m.g will be different and the

differences should come from the non-similar expental conditions. It means that similar

12



conditions for different-sized subjects induce sambehaviors, and therefore the decrease of
inter-subject variability of dimensionless param®&tdn this study Nfr and Str have been
proposed with the aim to more accurately studyoseritopics, such as ageing [21],
development [22], gender [21,23] and obesity [24].

The increase of correlations between predictedna@asured mechanical scale factors
associated with the decrease of the dimensionlesameter variability underscore the
interest of the association of Nfr and Str to irelgynamic similarity. In our study, EGp
leads to more dynamic similarity than the other dibons. Our results show that the
variability of mechanical dimensionless parametiasreases dramatically, close to zero, by
imposing a Modela-w. Therefore, a dimensionlessuige could be built so as a set of
dimensionless mechanical parameters would corresgona Modela-w. Although the
advantages of using database as reference haaeybeen shown [21,25], a dimensionless
database removes anthropometric individual chatatits on referenced parameters and
would allow to i) compare species [26] and to tett pathology among elderly [23] and
young [27] by using deviation indexes [28]. Givératt the dimensionless database would
gather bio-markers of healthy walking (kinematia atynamic), a relevant dimensionless
deviation index could be proposed to detect a ihffee due to fitness, pathology, ageing, etc.

A recent study has highlighted a strong relatigndtetween Nfr and Str among
healthy subjects [29tr = 0.83Nfr~%25, The relationship is very close in nature to thfat
the current study. This accordance suggests spamianModela-w values corresponding to
healthy behavior. It could thus be used as a wavaluate interventions or rehabilitation
procedure.

Finally, the trajectory of the CoM in walking che characterized by SMM and takes
into account an elastic phenomenon, hence, theocaitemt use of Nfr and Str according to

Modela-w ensures dynamic similarity between diffirgized subjects. This study highlights

13



the importance of using similar experimental caod& by removing the effect of individual
anthropometric characteristics to compare mechhniparameters. Modela-w is
experimentally validated and further studies wowddow its usefulness in walking

experimentation and clinical survey.
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Table 1

Units, dimensions and predicted scale factors of kinetic parameters

Units Predicted Dimensionless
Parameters Dimensions

(S1) scale factors parameters
CoM height (l) m L C
Body mass (m) kg M Cwm
Speed (v) m.s™ LT C.Crt Nfr
CoM oscillation frequency (f) st T! Ct Str
Time (TC and TPPF) S T Cr Time®= Time x f
Force (DPF and BPF) N MLT? CwC.Cr? Force® = Force / (mlf?)
Impulse (VI, Bl and PI) N.s MLT? CmC.Crt Impulse® = Impulse / (mgf)
Rate (LR) Nst  MLT? CwC. G Rate” = Rate / (mlf’)
Length (SL) m L C. Length® = Length / |
Angle (Ankle, Knee and Hip) Rad Angle

C, and Cy, were defined by the subject’s anthropometry whereas C; was determined by the experimental

conditions. Abbreviations: TC time of contact, TPPF time to propulsive peak force, DPF damping peak force,

BPF braking peak force, VI vertical impulse, Bl braking impulse, Pl propulsive impulse, LR loading rate and SL

step length.
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Table 2

Standard deviation of dimensionless gait parameters at each speed stage

Mean  EC Ankle  Knee Hip SLP TC® TPPF®  DPF° BPF° vI° BI° PI° LR

walking angle angle angle

speed (x10°)  (x10%)  (x 10°)

stage

0.56 ECspeep 2.1 2.8 1.4 0.11 0.33 0.27 0.20 0.01 0.35 0.01 0.01 0.37

m.s™ ECner 1.7* 2.7 1.4 0.10 0.28 0.22 0.19 0.01 0.46 0.01 0.01 0.42
ECwop  2.0*" 2.5*" 1.5*" 0.00**  0.06** 0.04*" 0.04* 0.01 0.11**  0.01 0.01* 0.31

1.11 ECsperp 2.3 2.4 1.3 0.11 0.18 0.14 0.16 0.02 0.15 0.01 0.01 0.69

m.s*t ECner 1.7* 2.1* 1.2* 0.06*  0.14 0.11 0.17 0.03 0.18 0.01 0.01 0.77
ECwop  2.3" 2.2%* 1.3" 0.00**  0.03** 0.02** 0.06** 0.02" 0.07**  0.01 0.01 0.37**

1.67 ECsperp 2.7 2.7 1.5 0.12 0.14 0.12 0.13 0.05 0.10 0.01 0.01 1.18

m.s™ ECner 2.6% 2.9% 1.6* 0.06*  0.13 0.11 0.14 0.05 0.12 0.02 0.02 1.17
ECvop  2.5** 2.5%* 1.5 0.00**  0.03** 0.02** o0.08*" 0.03" 0.05**  0.01 0.01 0.28**

2.22 ECspeep 2.8 3.0 1.8 0.17 0.14 0.12 0.18 0.06 0.10 0.02 0.02 1.18

m.s™ ECner 3.0* 3.2% 2.0* 0.08*  0.10 0.08 0.17 0.05 0.12 0.02 0.02 1.26
ECvop  2.6** 2.7%* 1.8+ 0.00**  0.04** 0.03** 0.14 0.04 0.05**  0.01 0.01 0.48**

The characteristic dimensions to express the gait parameters in a dimensionless form (°) are: the mass ([M]), the CoM height ([L]) and the step

frequency ([T™Y).

* #, variability significantly different from ECser and from ECyer. The significant lowest values of standard deviation are bolded.
Abbreviations : SL stride length, TC time of contact, TPPF time to propulsive peak force, DPF damping peak force, BPF braking peak force, VI
vertical impulse, Bl braking impulse, Pl propulsive impulse and LR loading rate.

18



Figurelegends

Figure 1. Relationship between velocity, frequermryd CoM height in the three experimental

conditions for each speed stage.

Figure 2. (A) Vertical reaction force (Fz) over &ni: Time of Contact (TC); 2: Damping Peak Force
(DPF); 3: Loading Rate from 10% to 90% of vertipebk force (LR); 4: Vertical Impulse (VI). (B)
Antero-posterior reaction force (Fy) over time Btaking Peak Force (BPF); 2: Time to Propulsive

Peak Force (TPPF); 3: Braking Impulse (BI); 4: Risfon Impulse (P1).

Figure 3. Correlations between predicted and medsscale factors of body massyjCstep time
(Cr) and kinetic parameters (TC, time of contact; TRiPRe to propulsive peak force; DPF, damping
peak force; BPF, braking peak force; VI, verticalpulse; Bl, braking impulse; PIl, propulsive
impulse; and LR, loading rate). The scale factoretation whose the Wilcoxon test revealed a
difference between predicted and measured scaler$awas set to 0. Lightest grey, dark grey and

black bars represent respectively dynamic simjldat ECspeen EGyrr and EGyop.
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