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This study presents an estimation of the dynamic parameters of gait with a random approach.
The data necessary for random analysis was obtained through laboratory tests. The study was
conducted on a group of healthy people aged 20–25, without diagnosed musculoskeletal diseases.
It consisted in walking along a several-metre-long path at free speed and recording the ground reac-
tion forces (GRF) for both limbs using dynamometric platforms. On this basis, the basic dynamic
parameters of gait, such as maxima and local minima of the stance phase were determined, and
then they were subjected to stochastic analysis.
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1. Introduction

Gait, as the basic form of locomotion, is the most frequently studied human activity. Walking
properly is one of the distinguishing features of good health and condition of the examined per-
son. Conversely, disturbed gait with abnormal parameters indicates potential problems with the
musculoskeletal system, past injuries, joint dysfunctions, etc. Therefore, it is important to choose
the right parameters that quantify the gait characteristics of the examined person. Among the
parameters most frequently analyzed by researchers, a group of spatiotemporal and dynamic pa-
rameters can be distinguished. The parameters from the first group reflect the geometry and
kinematics of the gait (spatial and kinematic parameters of the body and its segments), while
the dynamic parameters reflect the forces and moments acting on the segments during walking.
The most frequently analyzed ones include the characteristic course of ground reaction forces
(GRF) measured during the limb support phase (Derlatka & Parfieniuk, 2023; Fryzowicz et al.,
2018; Michałowska et al., 2018; Richards et al., 2023). New indices are also defined to quan-
tify walking behavior based on ground reaction force, e.g., (Park & Kim, 2022). Measured with
dynamometer platforms or tensometric mats, they indicate whether the feet and joints of the
lower limbs are correctly loaded, and the asymmetry occurring in the loads between the limbs.
The most important parameters obtained during this type of research certainly include the pa-
rameters characterizing the course of the vertical component of the GRF, most often expressed
in the percentage of the body weight of the examined person. Although it is generally known
what the correct shape of the curve representing these reactions is, it depends on many factors
such as body weight, gait speed, age, overall health of the person, potential dysfunctions of the
musculoskeletal system, etc. Therefore, it is very difficult to determine in the studied group of
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people what a deviation from the norm is, despite the fact that the studied group is homoge-
neous, e.g., a group of athletes, people after a knee joint injury, or healthy people. The present
paper proposes a probabilistic approach to gait analysis based on gait studies of a homogeneous
group of healthy, young adults without diagnosed musculoskeletal diseases, where the relation-
ship between key parameters describing the characteristics of the vertical component of GRF,
depending on the mass of the examined person, was analyzed. Joint kinematics measurement
plays the main role in describing the loads and kinematics of gait (Żuk & Trzeciak, 2017). A sim-
ilar study on injuries of anterior cruciate ligament (ACL) in terms of stochastic approach was
deeply examined (Lin et al., 2012), where the Monte Carlo simulation (MCS) technique found
application.

2. Formulation of the problem using a probabilistic approach

A finite number of deterministic solutions is necessary to carry out the probabilistic calcula-
tions. A Gaussian probability distribution of the observed design parameter is assumed. Due to
the continuous distribution of the Gaussian probability density function pv(x), where x is the
domain of occurrence of a given phenomenon, it is necessary to perform the continuous response
function based on a finite number of deterministic results. Polynomial approximations using
the least squares method (LSM) have been adopted to obtain response curves basing on a finite
number of deterministic results. This allows us to determine the so-called system response fitting
curves in the form of polynomials, using the LSM:

G =
n∑
j=0

Cj · vj . (2.1)

This way, it is possible to express the probabilistic solution to each problem within the range
determined by the coefficient of variation of the random design parameter. The semi-analytical
method (SAM), the stochastic perturbation technique (SPT) and the MCS will be independently
used to carry out the random analysis. Polynomials of the third order were adopted as fitting
functions. The SAM is based on symbolic calculation procedures in the Maple program. All
procedures of the SPT of the tenth order were carried out using the Maple program. Having
this, probabilistic moments are calculated, i.e., the expectation (E), standard deviation (σ),
coefficient of variation (α), skewness (β) and kurtosis (κ) (Kamiński, 2013; Kamiński et al.
2024):

E(G) =

+∞�

−∞

n∑
j=0

Cijv
jpv(x) dx,

σ(G) =


α�

−α

 n∑
j=0

Cijv
j − E[G]

2 pv(x) dx

1/2

,

α(G) =

∣∣∣∣ σ(G)E(G)

∣∣∣∣ , β(G) =
µ3(G)

σ3(G)
, κ(G) =

µ4(G)

σ4(G)
.

(2.2)

MCS with the number of trials equal to 105 was carried out using the Maple program too,
with the fact that probabilistic moments are calculated from statistical formulas. The primary
objective of this study is to investigate the most important gait parameters in the examined
group, employing a random approach based on weight.
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3. Laboratory experiment

The study involved measuring the reaction forces of the ground as the test subject walked
along a designated path at varying speeds in a natural gait. For this purpose, two dynamometric
platforms, AMTI BP400600 with frequency of sampling 400Hz, were used. An example of the
vertical component of GRF with two characteristic maximum values: Fh – maximum force gained
during heel strike, Ff – maximum force gained during terminal stance (forefoot press) for one
limb during gait is shown in Fig. 1.

Fig. 1. Vertical component of GRF in % of body weight during gait.

The two maximum values presented in Fig. 1, characteristic of each vertical component of
the GRF, were subjected to probabilistic analysis.

4. Probabilistic estimation of measured laboratory data

Loadings of the body under consideration were all found via the polynomial basis:

G =
n∑
j=0

Cj ·Xj . (4.1)

4.1. Example 1 – heel strike maximum (Fh)

The response function is expressed as the third order polynomial:

G = −0.0659583377410756− 1.20410359255101 ·X
+ 0.15008617465672 ·X2 − 0.00167560644573114 ·X3. (4.2)

Figure 2 presents the results of the simulation of the expected values, kurtosis and skewness
depending on the coefficient of variation, based on SPT, MSC and SAM methods.
Assuming that, according to the known rules, the desired distribution of a random variable

is one in which the coefficient of variance is less than 5%, we will notice that for the analyzed
variable, this means an expected value within 110G for the studied group. In order for the
distribution to be treated as normal, the kurtosis should have a value of 3 and the skewness
should be as close to 0 as possible. It can be observed that in order for the conditions of normality
of the distribution to be met, the deviation from the mean should not be greater than 2%–3%.

4.2. Example 2 – forefoot maximum press (Ff)

The response function is expressed as the third order polynomial:

G = 1.16382439132543 + 21.2823173261835 ·X
− 0.664821019062622 ·X2 + 0.00568578395391626 ·X3. (4.3)
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Fig. 2. Results of probabilistic calculations for the randomly distributed mass location.

Fig. 3. Results of probabilistic calculations for the randomly distributed mass location.
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Figure 3 presents, as an example, only the expected value depending on the coefficient of
variation.
As in the case of the analysis of the first maximum, it can be noted that in order for the

spread of the value of the analyzed variable not to be too large from the average, the expected
value should oscillate within 110G. The other analyzed parameters have similar characteristics
as in Fig. 2. It can be concluded that in order for the analyzed variables to have a normal
distribution in the studied group, it would be necessary to remove those cases that generate
“tails” in the distribution.

5. Conclusions

The calculation results presented in the previous chapter allow the following conclusions:
– laboratory experiments and computational studies presented in this work clearly demon-
strate that the common application of three probabilistic approaches – SAM, SPT, and
MCS techniques – enables the accurate determination of the probabilistic coefficients of
external loading in the presence of input Gaussian uncertainty. In most cases, very good
agreement has been noticed between these three methods. The simplest random approach
is the semi-analytical one, and it allows us to derive random moments in analytical terms.
It seems to be relatively easy for future implementations in much more complex biome-
chanical issues;
– the Monte Carlo method is characterized by a relatively long computation time depending
on the number of trials. The real number of trials that can provide correct results is 100 000;
– the presented analysis can provide valuable statistical information on the parameters deter-
mined in the analyzed group of people, and will allow the assessment of whether statistical
inference is justified;
– in biomedical research, a common situation is when the size of the research group is too
small. The presented approach can be useful in a process of supplementing the data in
such a situation;
– the method will allow observing and eliminating from the group units that statistically
differ from the rest;
– the work is a contribution to further research and presents preliminary analyses of the
random approach.
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