International Journalof Open Information Technologies ISSN: 2307-8162 vol. 14, no. 4, 2026

Analysis of Lower Limb Key Point
Displacement in the Frontal Plane

Sergey F. Yatsun, Alina A. Sidorova

Abstract—This paper presents the results of an experimental
study of the trajectories of lower limb key points in the frontal
plane at different walking speeds on a treadmill. The aim of the
study was to identify patterns of lateral oscillations and
deviations necessary for maintaining walking stability, which is
critically important for the design of biomechanically correct
rehabilitation systems. The experiment was conducted with
three subjects of different anthropometric profiles at three
speed modes (0.14 m/s, 0.28 m/s, and 0.42 m/s). The
methodology included motion video capture, trajectory
digitization using OpenSourcePhysicsTracker software, and
subsequent mathematical data processing. To transition from
discrete coordinates to continuous analytical models, the
approximation method using Fourier trigonometric series was
applied. The results, presented as a series of graphs,
demonstrate characteristic changes in the trajectories of the
hip, knee, and ankle joints depending on speed: reduction of
vertical deviation, enhancement of figure-eight pattern motion,
rounding of trajectories, and symmetric multidirectionality of
paired joints. The hierarchical principle of coordination was
confirmed: in-phase movement of the proximal pelvic joints is
combined with antiphase activity of paired distal joints, both
between limbs and within a single limb. The obtained data and
their analytical description can serve as a foundation for
creating more accurate biomechanical models and improving
control algorithms for rehabilitation exoskeletons and
mechanotherapy systems.

Keywords—gait biomechanics, Fourier series approximation,
frontal plane, rehabilitation robotics.

I. INTRODUCTION

In Russia and other CIS countries, there is an increase in
the number of people suffering from neurological diseases
and traumatic injuries thatimpairthe functionsof the human
musculoskeletal system [1], [2]. Such changes in the
structure of disease prevalence place an additional burden
on the healthcare sector, exacerbating the issue of
accessibility and quality of long-term rehabilitation [3], [4].

To reduce the burden on medical professionals, modern
medicine is actively developing the field of rehabilitation
exoskeletons and mechanotherapy [5]-[7]. These
technologies are designed to compensate for the shortage of
rehabilitation resources by providing reproducible and
objectively controlled training [8], [9].

Based on the above, engineers face the task of ensuring
the biomechanical correspondence of the movement of
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rehabilitation systems [10]-[12].

In early works on biomechanics, gait was studied
primarily in the sagittal plane [13]-[15]. However, a full
understanding of gait mechanisms requires consideration of
movementsin the frontalplane as well — lateraloscillations
and deviationsthat ensure stability [16], [17].

The aim of this paper is to study human gait patterns in
the frontal plane underdifferent speed conditions.

I1. EXPERIMENTAL METHODOLOGY

To ensure reproducibility of results and minimize errors, a
unified data processing methodology was developed, as
shown in Fig. 1.
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Fig. 1. Block diagram of the data processingalgorithm

The process includes four key stages: video recording,
editing of the obtained material, coordinate tracking in the
Tracker software, and mathematical modeling in the
MATLAB environment.

For video recording, a camera with a frame rate of 60 Hz
and a resolution of 1920x1080 pixels (FHD) was used. The
experimental procedure is described below in the
corresponding section. Considering the specificity of the
studied movementsand in order to reduce the laborintensity
of subsequent processing, the original video frame rate was
reduced to 30 frames per second at the video editing stage.
For this purpose, the Shotcut video editor was used [18].
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The selected sampling rate is sufficient for correctly
describing the kinematics at the given speed modesand does
not lead to the loss of significant motion information. At the
final stage of video editing, all files were converted to a
unified format, ensuring correct loading and processing in
the Trackerenvironment.

The tracking process in the Tracker program consists of
frame-by-frame selection of markers corresponding to key
anatomical points throughout the entire movement cycle. A
detailed description of the digitization procedure is provided
in Section V. As a result of processing, raw data arrays are
formed, containing discrete coordinate values of the tracked
points ateach momentin time. To ensure compatibility with
subsequent stages of analysis, the obtained arrays were
exported to the Excel spreadsheet processor, after which
they were imported into the MATLAB environment for
further mathematical processing. The mathematical
modeling process is presented in Section V.

I11. EXPERIMENTAL PROCEDURE

To conduct the study, video recording of the participants
walking on a moving surface under different speed
conditions was performed. The experimental setup is shown
in Fig. 2.

-
I

Fig. 2. Diagram of theexperimental setup for gait analysis: 1 — subject,
2 —treadmill, 3—video camera, M3, Ms— hip joints, M2, Ms — knee
joints, M1, Mg— ankle joints

The main characteristics of the treadmill were asfollows:

* Belt inclination angle: 0-3°

* Belt length: 1.03 m

* Roller diameter: 0.36 m

* Speed range: 0—1.5km/h

Each participant performed test walks on the treadmill for
30 seconds at each of the three speed modes. Before
recording began, participants were given 15 seconds to
adapt to the set speed. Masking tape and paint were used to
mark key points. Video recording was performed using a
camera with a frame rate of 60 Hz, mounted on a tripod
strictly perpendicular to the frontal plane of motion at a
distance of 40-60 cm, depending on the subject's height.
Lighting was constant and diffused to prevent glare on the
markers.

In our experiment, three walking speedswere defined:

1. Slow: 0<v<0.14(m/s);

2. Medium:0.14(m/s) <v<0.28(m/s);

3. Fast: 0.28(m/s)<v<0.42(m/s);

Anthropometric data of the participants are presented in
Table 1.
Table 1. Participant data
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1 m 180 | 65 41 40 10
2 m 186 | 80 43 45 9
3 f 163 | 45 40 39 5
4 f 168 | 70 43 42 7
5 f 168 | 64 48 45 7
6 m 186 | 83 49 48 8
7 m 193 | 76 47 45 8
8 m 188 | 105 45 45 7
9 m 179 | 62 43 46 8
10 m 178 | 58 42 38 7

To ensure the required treadmill speed, the following
calculationswere performed.

Considering the length of the treadmill belt, the total loop
length was determined:

L=21; 1)

L=2-1.03=2.06m.

For the desired treadmill speed of 0.14 m/s, the time for
one full revolution was calculated as:

L.
T:\T! (2)

206

T =14.82 ~15s.
4

Consequently, for speeds of 0.28 m/s and 0.42 m/s, the
corresponding periods were 10s and 5, respectively.

IV. VIDEO DATA DIGITIZATION

Prior to the digitization process, the video clips were
processed using the method described in Section Il. This
preliminary processing included frame rate normalization to
30 fps, removal of irrelevant segments, and format
conversion to ensure compatibility with the Tracker
software. To capture the trajectories of key points from the
processed video material, the Tracker software was used
[19]. After importing the video clips, a calibration procedure
was performed: the coordinate origin was established, the
calibration scale was set using a reference object of known
dimensions, and the key anatomical points for trajectory
tracking were identified. The process is shown in Fig. 2.
When recording walking in the frontal plane, the treadmill
belt width, equal to 0.37 m, was used as the calibration
scale, providing a reliable reference for converting pixel
coordinates to real-world measurements. As a result of
digitization, data arrays were obtained representing the time
dependence of the coordinates of lower limb key point
displacement. These raw data arrays contained discrete
coordinate valuesfor each tracked pointateach time instant
corresponding to the video framerate.
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Fig. 3 Digitization process of frontal plane walking in the
Tracker program

V. MATHEMATICAL MODELING

The obtained discrete coordinates of key points require
transformation into a continuous analytical description for
biomechanical analysis and application in control systems.
To address this task, the experimental trajectories were
approximated using Fourier series expansion [20], [21]. The
choice of this method is justified by the periodic nature of
the gait cycle, which corresponds to the mathematical
structure of a trigonometric series. For coefficient fitting, the
MATLAB software environment with the Curve Fitting
Toolbox was used [22]. The general formula of the Fourier
trigonometric series is presented below:

f(t)=a, +i(aq cos(qat) +b, sin(gat)) 3)

where ao — is the constant term (mean value of the function
over the period); aq, bq — are the linear coefficients of the
Fourier series, calculated for each harmonic; N — is the
series order; g — is the harmonic number; w — is the
fundamentalangularfrequency.

To select the number of harmonics (series order), both
numerical and empirical methods were used. When working
with the mathematical tool, during coefficient calculation, a
preview of the future function is automatically generated.
Too few harmonics do not always adequately describe the
trajectory; however, an excessive humber causes the model
to begin fitting the noise in the data. For numerical
evaluation, the program automatically calculatesthesum of
squared errors, coefficient of determination, adjusted R-
squared,and root mean square error.

To identify general patterns in the displacement
trajectories, a transition from individual data to averaged
values was performed. For this purpose, the obtained values
were reduced to the arithmetic mean. This method allows

leveling individual anthropometric differences between
subjectsand random fluctuationsin trajectories, highlighting
common movement patterns; however, averaging may
conceal individual movement characteristics that could be
important for personalized rehabilitation. To ensure data
comparability across different subjects, the time series were
synchronized to the beginning of the gait cycle (see Fig. 5).
In this study, the gait cycle is defined as the time interval
from the moment the subject's heel lifts off the surface until
it lifts off again. Despite significant differences in
quantitative values, the trajectories qualitatively share a
common structure. The average coordinates were calculated
using the following formula:

v = Zinzlyi .
n

cp ’

7 = Zin:lzi )

cp n
This n —is the totalnumber of experimental participants;
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Fig. 4. Gait phase synchronization using hip joint displacement of
experimental participants: 1 — first participant,2 —second participant,
3 —third participant

Figs. 57 present the displacement trajectories of the hip,
knee, and ankle joints, respectively, at a speed of 0.14 m/s.
Arrows indicate the direction of joint movement.
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Fig. 5. Displacement ofhipjointsin thefrontal planeat a speed of 0.14
m/s: Ms —right joint, Ma— left joint
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Fig. 6 Displacement ofknee joints in thefrontal planeataspeed of 0.14
m/s: M, —right joint, Ms— left joint
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Fig. 7 Displacement ofankle joints in the frontal plane ata speed of 0.14
m/s: M1 —right joint, Me— left joint

Figs. 8-10 present the displacement trajectories of the
hip, knee, and ankle joints, respectively, at a speed of 0.28
m/s. Arrows indicate the direction of jointmovement.
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Fig. 8 Displacement of hip joints in the frontal plane ata speed of 0.28 mé:
M3 —right joint, M4 — left joint
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Fig. 9 Displacement ofknee joints in thefrontal planeataspeed of 0.28
m/s: Mz —right joint, Ms— left joint
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Fig. 10 Displacement of ankle joints in the frontal planeata speedof 0.28
m/s: My —right joint, Me— left joint

Figs. 11-13 present the displacement trajectories of the
hip, knee, and ankle joints, respectively, at a speed of 0.42
m/s. Arrows indicate the direction of joint movement.
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Fig. 11 Displacement of hipjointsin the frontal plane ata speed of 0.42
m/s: Ms —rightjoint, Ms— left joint

29



International Journalof Open Information Technologies ISSN: 2307-8162 vol. 14, no. 4, 2026

0.0381 —M, ‘EB;:;,
—
-\
{ =g
¢ )
s / \
N /
{‘\\ \
N\
\\
4R F )

Y.m
Fig. 12 Displacement of knee joints in the frontal planeataspeed of 0.42
m/s: M, —right joint, Ms— left joint
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Fig. 13 Displacement of ankle joints in the frontal planeata speed of 0.42
m/s: M1 —right joint, Me— left joint

VI. ANALYSIS OF THE OBTAINED RESULTS

Based on the presented graphs, a table was compiled
summarizing the data on the maximum displacement of key
joints along the Y-axis. The data are presented in Table 2.

Table 2 Maximum joint displacements alongthe Y -axis
V, Mi,m | Mz,m | Mz m Mg, m Ms, m Ms, m
m/s
0.14 | 0.027 0.059 0.117 0.108 0.041 0.032
0.28 [ 0.043 | 0.046 | 0.084 0.082 0.050 0.035
0.42 | 0.033 0.038 0.088 0.087 0.043 0.039

The observed decrease in the horizontal displacement of
the hip joints when transitioning from slow to medium speed
is consistent with the well-known biomechanical principle
of increasing walking efficiency by minimizing vertical
oscillations of the center of mass [23]-[25]. The increase in
amplitude in the distal joints (knee and ankle) at medium
speed may be explained by the need to increase support
stiffness and enhance push-off to compensate for increased
inertial forces. The subsequent slight reverse change in
amplitudes at high speed requires verification on a more
representative sample but may indicate a transition to a
differentgait pattern, close to fast walking with an emphasis
on movementsin the sagittal plane.

The complication of the hip joint trajectories, manifested
in the formation of a pronounced "figure-eight" pattern, is a
direct consequence of increased torsional moment in the
pelvic region during gait acceleration. This pattern
represents a compensatory mechanism aimed at dissipating
excess angular energy and stabilizing the torso. This
phenomenon confirms the principle of energy optimization
of locomotion, in which the body seeks to minimize
metabolic costs by redistributing mechanical work between
proximal and distal segments [26]-[28]. The simultaneous
smoothing and rounding of the knee and ankle joint
trajectories indicates a decrease in the third derivative of
acceleration (jerk), which is characteristic of a smoother
and, consequently, more energy-efficient mode of
neuromuscularcontrol provided by stabilizer muscles.

Gait kinematics demonstrates hierarchical coordination.
The hip joints move synchronously. At the same time, the
knee and ankle joints implement two levels of antiphase
activity: both contralateral limbs and joints within the same
limb work in opposite directions.

The observed trajectory non-closure (hysteresis/drift)
suggests compensatory oscillations of the body's center of
mass, generated by postural control mechanismsto maintain
dynamic stability. To quantify this in the frontal plane,
deviations between gait cycle start and end points were
calculated separately for the vertical (Z) and horizontal (Y)
axes, followed by determination of totallinear deviation.

The deviation relative to the axes was calculated as
follows:

oY =Ystart ~Yend’ @
02 =2t " Zend’

The total absolute trajectory deviation in the plane was
calculated using the Pythagorean theorem.:

6] =voY? +622. (5)
The calculation of deviations for the right leg is presented
in Table 3.

Table 3 Deviations forthe right leg

Joints [ V, m/s | 8Y, m dZ, m 18], m
M1 0,14 -0,0039 -0,0012 0,00408
0,28 -0,0073 -0,0036 0,008139
0,42 -0,0147 -0,0033 0,015066
M2 0,14 -0,0063 3,06E-04 0,006307
0,28 -0,0014 | -6,89E-04 0,00156
0,42 -0,0054 -0,0011 0,005511
M3 0,14 -0,007 -0,0103 0,012454
0,28 0,005 -0,0074 0,008931
0,42 0,0057 -0,0068 0,008873

VIl. CONCLUSION

As a result of the conducted experimental study, the
trajectories of the key lower limb joints in the frontal plane
for three walking speed modes were obtained and
mathematically  described  (using  Fourier  series
approximation). The following main regularities were
established:

The amplitude of lateral oscillations of the hip joints
decreases with increasing speed from slow to medium, while
the amplitude of the knee and ankle joints increases in this
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mode.

The shape of the trajectories qualitatively changes: in the
hip joints, the component forming a "figure-eight™ pattern
intensifies, while the trajectories of the distal joints become
more rounded and smoother.

The hierarchical principle of coordination was confirmed:
in-phase movement of the proximal pelvic joints is
combined with antiphase activity of paired distal joints, both
between limbs and within a single limb.

The main limitation is the small sample size (n=3), which
does notallow for statistically significant generalizations.

The obtained analytical trajectory models and identified
patterns are of practical value for developers of
rehabilitation robotics, as they can serve as reference
trajectories for position control systems or as basic laws for
algorithms based on synergetic control principles.
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