
 
 

 

 
Balneo and PRM Research Journal 2025, 16, 1  https://doi.org/ 10.12680/balneo.2025.772    http://bioclima.ro/Journal.htm 
 

Research article 

Gait Analysis Technologies for Evaluating Biomechanical     
Deviations: Insights from a Pilot Study on Healthy Athletes 
and Foot Deformities 
 
Elena Taina Avramescu 1, Anca Maria Amzolini 2*, Ana Maria Bumbea 3, Simona Patru 3, Magdalena Rodica 
Traistaru 3, Carmen Daniela Neagoe 4, Gheorghe Ionescu 1, Constantin Munteanu 5 and Daniela Matei 3 

 
1 Department of Sports Medicine and Kinesiology, University of Craiova, Romania;  
2 Department of Medical Semiology, University of Medicine and Pharmacy of Craiova, Romania;  
3 Department of Medical Rehabilitation, University of Medicine and Pharmacy of Craiova, Romania; 
4 Department of Internal Medicine, University of Medicine and Pharmacy of Craiova, Romania;  
5 Department of Biomedical Sciences, Faculty of medical Bioengineering, University of Medicine and 

Pharmacy “Grigore T. Popa”, 700454 Iasi, Romania; Neuromuscular Rehabilitation Clinic Division, 
Clinical Emergency Hospital “Bagdasar-Arseni”, 041915 Bucharest, Romania 
 

* Correspondence: Anca Maria Amzolini, anca.amzolini@umfcv.ro 

 Abstract: Gait analysis is an essential tool for assessing musculoskeletal function and 
identifying biomechanical abnormalities. This study aimed to establish normative reference 
values for gait parameters in young, physically active individuals and to identify deviations 
associated with foot deformities. Methods: A cross-sectional observational study was 
conducted on 102 healthy young adults engaged in performance sports. Gait parameters were 
recorded using the RSscan plantar pressure distribution platform. Outlier identification 
methods were applied to exclude 12 participants with significant deviations, resulting in a final 
sample of 90 subjects. Descriptive statistics and comparative analyses were used to evaluate 
maximum force, impulse, load rate, and contact area across ten anatomical foot regions. 
Results: The final normative dataset established baseline values for plantar pressure 
distribution and biomechanical force dynamics. Among excluded participants, 33% exhibited 
pes planus (flatfoot), and one case presented pes cavus (high arch), both associated with altered 
pressure distributions and deviations in temporal gait parameters. Statistical comparisons 
confirmed significant variations in foot loading patterns and pressure maps (p<0.05). 
Conclusions: This study provides a comprehensive reference for gait parameters in young, 
healthy adults and highlights the clinical relevance of individualized gait assessments. The 
findings underscore the utility of plantar pressure analysis for early detection of biomechanical 
abnormalities that could contribute to musculoskeletal dysfunction. These insights can aid in 
the optimization of rehabilitation strategies, sports performance assessments, and orthopedic 
interventions. Clinical Implications: The results emphasize the need for targeted interventions 
in individuals with foot deformities to prevent long-term functional impairments. Future 
research should explore longitudinal implications of biomechanical deviations in active 
populations. 
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1. Introduction  

Despite the apparent simplicity of walking—placing one foot in front of the 
other—it is a complex biomechanical process. Walking is not only fundamental to 
human movement but also reflects an individual’s personality and physical state. 
While normal gait exhibits common patterns across individuals, subtle individual-
specific variations are always present, making each person’s walking pattern unique 
[1,2].  
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The study of gait alignment and three-dimensional (3D) kinematics of the lower 
limb, as well as plantar pressure measurement, has revealed that one of the most 
common and significant risk factors for dysfunction is improper movement execu-
tion. Gait analysis systematically evaluates human movement and walking dynam-
ics, often referred to as motion analysis [3]. This process involves measuring and as-
sessing gait patterns in both healthy individuals and patients with movement disor-
ders. It is widely utilized in sports biomechanics to optimize performance, as well as 
in clinical settings to diagnose, plan, and monitor treatment for conditions affecting 
mobility. Gait analysis helps identify risk factors, guide intervention strategies, and 
assess recovery processes [4]. It can also significantly influence clinical decision-mak-
ing, allowing for the tailoring of therapies or even postponement of surgical inter-
ventions when appropriate. 

The functional assessment of gait, augmented with instrumental data, improves 
diagnostic accuracy and treatment planning. For example, advanced gait analysis 
technologies are used not only in clinical rehabilitation [5] but also in elite sports 
training to optimize performance and prevent injuries. 

Over the years, gait analysis methodologies have evolved significantly, with re-
markable advancements in research and interdisciplinary collaboration [6].  While 
experienced clinicians can derive substantial subjective insights through direct obser-
vation, human perception alone cannot capture the complex, multi-joint movements 
of even simple functional activities [7]. The human eye, functioning at an exposure 
time of approximately 1/30 of a second, is limited to observing slow movements, and 
the brain, despite its extraordinary capabilities, can only process a limited amount of 
information. Consequently, direct observation of complex movements provides in-
complete and subjective data [8]. 

The use of instrumental techniques in the study of human movement enhances 
both the quantity and quality of acquired information. These techniques serve as 
feedback systems for patients and athletes. Current understanding of how muscles 
coordinate human gait is derived from motion analysis, ground reaction force meas-
urements, and electromyographic (EMG) data. The field of human locomotion has a 
long history, with modern insights stemming from the ability to measure muscle ac-
tivity using surface electrodes combined with body kinematics and ground reaction 
force studies [9]. 

The foundations of experimental gait analysis were laid by Giovanni Borelli in 
the 17th century, introducing mathematical models of muscle and tendon biome-
chanics [3,10]. Today, gait assessment employs pressure plates, force plates, motion 
capture systems, and computational models to analyze foot-ground interaction [11].  

Although some studies use static measurements such as X-rays and anthropo-
metric assessments for evaluating lower limb function, they fail to capture dynamic 
gait characteristics comprehensively. While numerous normative studies on plantar 
pressure have been conducted, their results are inconsistent regarding what consti-
tutes "normal" plantar pressure values, locations, or dynamics. Furthermore, there 
are no universally accepted normative plantar pressure values to compare patient 
data, leaving interpretation largely reliant on user experience [12,13]. Discrepancies 
in normative studies are often attributed to variations in participant selection (e.g., 
“healthy” groups), sample sizes, study protocols, and measurement techniques, as 
well as individual anatomical differences like foot structure and gait speed. 

Understanding the mechanisms by which various pathologies—ranging from 
rheumatological diseases to orthopedic-traumatic or neurological conditions—affect 
gait dynamics requires an in-depth analysis of the gait cycle, the functional role of 
the foot, and the interplay between the knee-ankle-foot complex. 

Comprehensive evaluation methods, including multidisciplinary approaches, 
are essential for diagnosing and managing musculoskeletal disorders. Systemic fac-
tors, such as inflammation and metabolic health, also influence musculoskeletal func-
tion. Studies reveal the link between systemic conditions—such as fibromyalgia, 
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post-COVID inflammation, and metabolic syndrome—and functional impairments 
[14,15,16]. These findings align with the potential of gait analysis to identify biome-
chanical deviations associated with systemic health issues. Dragoi et al. (2010) em-
phasize the need for integrated diagnostic tools in complex orthopaedic cases, such 
as osteoporotic femoral neck fractures [17]. Less attention has been given to biome-
chanical deviations in young, physically active individuals who may exhibit subclin-
ical abnormalities affecting sports performance and long-term musculoskeletal 
health.  

Given these challenges, there is an evident need for a systematic analysis of risk 
factors contributing to gait abnormalities and the development of tools to monitor 
functional recovery during rehabilitation [18].  

The primary objective of this study is to investigate plantar pressure distribution 
and force dynamics in a young, athletic population. The study seeks to answer the 
following key research questions: What are the normative gait parameters for healthy 
young athletes, and how do they compare to standard reference values? How do foot 
deformities (e.g., pes planus and pes cavus) alter plantar pressure distribution and 
kinetic gait parameters? 

We hypothesize that:  
•    Healthy athletes will exhibit distinct plantar pressure distributions compared 
to previously reported general population data. 
•    Individuals with foot deformities will demonstrate significant deviations in 
force application, load symmetry, and pressure patterns. 

By establishing reference gait parameters and identifying subtle biomechanical 
deviations, this study aims to enhance clinical gait assessments, injury prevention 
strategies, and personalized rehabilitation protocols. The findings will contribute to 
the development of sport-specific interventions and early detection of potential mus-
culoskeletal dysfunctions in young, active populations. 

2. Materials and Methods 

2.1. Design Overview 
The A cross-sectional observational study was conducted on 102 young subjects 

who practice performance sports and are considered healthy. All participants were 
evaluated based on gait parameters measured using the RSscan platform. To ensure 
optimal interpretation of the data recorded within the study group, it was necessary 
to establish a reference dataset for the gait parameters measured using the RSscan 
platform. This normative dataset describes the behaviour of plantar anatomical zones 
during gait and was developed by recording biomechanical data from a cohort of 102 
healthy subjects. Twelve participants were excluded due to incomplete data, tech-
nical errors in acquisition, or extreme deviations in gait parameters, which could have 
skewed the results. The final analysis was conducted on 90 participants, ensuring a 
consistent dataset for comparison.  

To ensure the accuracy and reliability of the normative values it was taken into 
account:  
•    Exclusion of Outliers: These 12 participants were excluded from the control 
group to prevent skewing the calculation of normative biomechanical values. Their 
data were not included in the determination of minimum and maximum reference 
values; 
•    Individual Analysis: For the excluded participants, an individualized quali-
tative analysis of gait parameters was performed. This included a detailed examina-
tion and interpretation of imaging data to better understand the factors contributing 
to their deviations. 
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As a result, the final number of participants whose parameters were included in 
the calculation of physiological reference values was 90 subjects. This approach en-
sured that the calculated normative ranges were representative of typical biomechan-
ical performance. 

2.2. Study population 
Participants were eligible for the study if they fulfilled the following Inclusion 

Criteria:  
• Provided written informed consent; 
• Were aged between 18 and 40 years; 
• Had a Body Mass Index (BMI) within the normal range; 
• Demonstrated equal lower limb lengths, as confirmed by a physician’s meas-
urements; 
• Were able to understand and communicate effectively in the national language; 
• Regularly participated in sports activities; 
• Could follow instructions and respond appropriately; 
• Had no history of lower limb conditions, including orthopaedic-traumatic or 
surgical injuries. 
• Displayed a normal gait pattern during evaluation by a medical specialist. 

Participants were excluded if they met any of the following conditions:  
• Recent traumatic injuries; 
• Diagnosed orthopedic, respiratory, or neurological conditions that could inter-
fere with their ability to participate in the study evaluations; 
• Demonstrated unwillingness or inability to comply with the study requirements 
or gait assessments. 

We selected an adequate number of participants based on previous studies sug-
gesting that a minimum of 30 subjects is sufficient for normative gait measurements 
[19]. Gait patterns are reported to reach full maturity during early school age [20], 
while certain parameters, such as walking speed, tend to decline after the fifth decade 
of life [19].  Based on this evidence, the present study focused on university students, 
whose ages fall within the range associated with stable and mature gait patterns. All 
eligible participants were fully informed about the study’s objectives, procedures, 
and their responsibilities. Written informed consent was obtained from each partici-
pant before their enrolment in the study. 

Pre-Enrolment Physical Assessment: before joining the study, each participant 
underwent a comprehensive physical evaluation. This included:  
• Gait Analysis: To identify abnormalities or deviations, particularly those poten-
tially linked to factors like obesity; 
• Spinal Alignment: Assessing for structural changes, such as lumbar lordosis, 
which is common in certain populations; 
• Lower Limb Joint Examination: Evaluating the hips, knees, ankles, and feet to 
detect any functional impairments or structural issues. 

This detailed screening ensured that all participants met the inclusion criteria 
and provided a reliable baseline for further analysis. The rigorous assessment process 
guaranteed the validity and consistency of the data collected during the study. 

2.3. Ethics approval 
The study prioritized the safety and well-being of all participants. The subjects 

were thoroughly informed about the study's objectives, potential benefits, risks, and 
the measures implemented to protect their confidentiality in compliance with data 
protection regulations. They were also made aware of their right to withdraw from 
the study at any point, without the need to provide a reason and without any reper-
cussions. 
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Written informed consent was obtained from all participants prior to their in-
volvement. The study adhered strictly to the ethical principles outlined in the Decla-
ration of Helsinki and the guidelines for Good Clinical Practice. Ethical approval for 
the study was obtained from the Ethics Committee (approval no. 19/09.02.2021). 

 
2.4. Methods for Storing, Analyzing, and Interpreting Biomechanical Data Collected with the 
RSSCAN Platform 

The gait analysis was performed individually for each subject in the study group 
using a plantar pressure distribution platform (Footscan Scientific Version, RSscan 
International, Olen, Belgium). The platform, measuring 0.5 m in length, was used ex-
clusively for dynamic measurements.  

To ensure the measurement closely mimics the natural physiological activity be-
ing evaluated (walking), the pressure plate was placed within a 6-meter-long walk-
way. This distance is sufficient to allow normal gait patterns. The plate was covered 
with a thin layer of EVA material, which does not affect the measurements. This setup 
provided a comfortable surface for athletes and made the plate invisible to partici-
pants, preventing them from "targeting" it during walking. 

The single-step (automatic) method was used for data collection. Due to the plat-
form’s length, multiple measurements were required to achieve bilateral analysis. 
Measurements were recorded for both feet over two gait cycles, ensuring alternate 
placement of the right and left limbs. The technical features of the platform allow for 
bilateral data integration, with the software consolidating the information and pre-
senting comparative images and values. 

To ensure the reproducibility of the method, consecutive measurements were 
performed for each subject, and the average of valid measurements was used for the 
study. Between 3 and 5 consecutive measurements were taken for each subject until 
the gait speed was consistently between 600 and 800 ms. 

The experimental setup involved a walkway of 6-9 meters in length, incorporat-
ing the pressure platform. Plantar pressure data were collected through a single foot 
contact with the platform. A fixed starting point was established for each subject at a 
distance of 2-3 meters from the platform. This ensured the foot initiating the gait cycle 
landed on the center of the pressure plate. Participants were instructed to walk natu-
rally, at a speed that felt comfortable and free of strain. 

The pressure platform software recorded and processed the parameters, after 
which a second gait cycle was recorded with the subject initiating movement with 
the opposite foot. 

Measurements were considered valid after subjects became familiar with the 
platform and the following criteria were met:  
• Consistent heel strike patterns; 
• A constant walking speed of 600-800 ms; 
• Similar parameter values for at least two measurements. 

The plantar pressure sampling frequency was set to 200 Hz. 
The RSscan pressure platform recorded the following parameters for each subject: 

• Maximum Force (maxF): The peak force applied (N); 
• Impulse (I): The force impulse measured in Ns/cm; 
• Load Rate (LR): The rate of loading, expressed in N/cm.s; 
• Contact Area (CA): The total contact area in cm²; 
• Contact Percentage (%C): The percentage of active surface contact during the 
stance phase; 
• Maximum Pressure (MaxP): The peak pressure applied, expressed in N/cm², cal-
culated as the maximum force divided by the sensor area. 

Measurements were performed for 10 specific regions of the foot. The rationale 
for this experimental approach is supported by the literature, which highlights that 
the most commonly analysed areas for plantar pressure distribution are the anterior 
(forefoot), middle (midfoot), and posterior (heel) regions of the foot. To provide a 
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more detailed analysis, the heel was divided into lateral and medial zones, allowing 
differentiation between lateral and medial loading during gait. Similarly, the forefoot 
was divided into regions corresponding to the five metatarsal heads, the hallux, and 
the remaining toes. 

Key Metrics and Definitions: 
• Start Time: Represents the first contact (in milliseconds) of the specified foot re-
gion with the pressure platform; 
• End Time: The last contact (in milliseconds) for the specified foot region; 
• Time to Max Force (Time Max F): The time point at which maximum force is 
recorded during the gait cycle. 

Additionally, the contact time with the platform was recorded. For normal gait, 
this duration typically ranges between 600-800 milliseconds, and no significant vari-
ations were observed between the left and right feet. 

Impact of Gait Speed on Plantar Pressure: speed control is critical because the 
ground reaction force (GRF) depends directly on walking speed, which also influ-
ences plantar pressures. Ensuring a consistent walking speed was therefore a priority 
during data collection. 

Imaging Analysis and Software Features: the analysis software provides a com-
prehensive visual representation of the contact surface, divided into three main 
zones: 
• Forefoot: Includes the toes and metatarsals; 
• Midfoot: The plantar arch region; 
• Rearfoot: The heel area. 

For each zone, the software automatically calculates and provides numerical 
data, including contact surface area (expressed as a percentage) and impulse (also 
expressed as a percentage). Using the "single-step method," various phases of the gait 
cycle (foot roll-over) are displayed as percentages of the total gait cycle, which is 
standardized at 100%. 

The application divides a single step into four distinct phases, displaying the 
start and end moments for each phase. A temporal table is also available, detailing 
temporal values for anatomical regions of the sole and the phases of gait relative to 
standardized values. This table includes: 
• Start Time: The moment contact begins for a specific region; 
• End Time: The moment contact ends; 
• Total Contact Time: The duration of contact with the platform; 
• Peak Time: When peak pressure is recorded; 
• Impulse: The loading in terms of pressure and time. 

Normalization and Comparison with Standard Values: all values are expressed 
as percentages. Temporal parameters are expressed as percentages of the total contact 
time (100%). Impulse parameters are expressed as percentages of the total loading of 
the heel and forefoot. To determine if these values fall within normal ranges, the rec-
orded data can be compared with a set of pre-established reference values. 

Key Output Metrics: the software calculates and displays the temporal parame-
ters of the gait phases, expressed in milliseconds and percentages and the impulse 
parameters, reflecting the distribution of load across the foot regions (heel, midfoot, 
forefoot). 

While RSscan Footscan® offers high-resolution plantar pressure mapping, it has 
certain limitations: 
•    It does not directly capture joint kinematics or muscle activation patterns, re-
quiring complementary motion capture or electromyography for a comprehensive 
analysis. 
•    Results can be affected by foot placement inconsistencies, although repeated tri-
als were used to mitigate this issue. 
•    The rigid surface may influence natural gait dynamics compared to real-world 
walking conditions, an inherent limitation of pressure plate systems. 



Balneo and PRM Research Journal 2025, 16, 1 7 of 18 

 

By addressing these considerations, the study ensures reliable data interpreta-
tion while acknowledging the platform’s constraints. 

  
2.5. Statistical Interpretation and Use of Normative Data 

The data gathered throughout the study were compiled and structured in a Mi-
crosoft Excel spreadsheet. Statistical analyses were conducted utilizing Microsoft 365 
Excel alongside SPSS software version 26.0. For accurate interpretation of the rec-
orded data, a normative reference dataset was established, providing baseline values 
for key gait parameters. This dataset was generated by analyzing biomechanical data 
from 102 healthy subjects, ensuring a representative sample of individuals with no 
known lower limb pathology and normal gait patterns as evaluated by a medical 
specialist. 

Establishing Baseline Values: the normative dataset defines physiological ranges 
(minimum and maximum) for biomechanical parameters measured using the RSscan 
platform, such as: 
• Plantar pressure distribution; 
• Contact times; 
• Force dynamics across different plantar zones. 

These baselines were essential for comparing the study group’s recorded values 
to identify deviations or outliers. 

Statistical Methods: 
• Descriptive Statistics: The mean, standard deviation, and range for each biome-
chanical parameter were calculated to define the normative values; 
• Outlier Identification: Individual cases with parameter values exceeding prede-
fined thresholds were flagged as outliers and excluded from the calculation of nor-
mative ranges; 
• Comparative Analysis: Data from the study group were statistically compared 
to the normative dataset to assess deviations, patterns, and group-level trends. 

Application of Normative Data: 
• Interpretation of Variations: Deviations from the normative values were used to 
identify biomechanical abnormalities within the study group; 
• Validation of Findings: The normative data served as a control, ensuring the 
accuracy and reliability of statistical comparisons and subsequent conclusions. 

3. Results 

3.1. The Demographic and Anthropometric Data 
The demographic profile of the study participants is outlined in Table 1. The 

participants' average age was around 23 years, with females being marginally older 
than males. The average height was 1.70 meters, with males noticeably taller than 
females. The mean weight was 60.28 kg, with males weighing significantly more than 
females. The average BMI was 19.73 kg/m², falling within the normal range, with 
slightly higher values observed in males compared to females. The anthropometric 
characteristics of the participants confirm that SG and CG were comparable in terms 
of age, BMI, and body composition (p > 0.05). This ensures that observed gait varia-
tions are not confounded by baseline physical differences. 

Table 1. Anthropometric data 
Characteristics Female mean (SD) Male mean (SD) Overall mean 

Age (yr) 23.5(2.08) 22.11(2.1) 22.97 
Heigh (m) 1.64(0.0) 1.81(0.04) 1.70 

Weight (kg) 53.24(4.1) 71.8(6.93) 60.28 
BMI (kg/m²) 19.14(1.76) 20.7(1.79) 19.73 

Variables are reported as mean and SD=standard deviation, BMI=Body Mass Index. 
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Tables 2 and 3 present the average values of the biomechanical parameters con-
sidered, categorized by gender. This approach aimed to identify potential differences 
based on this criterion and establish a reference dataset useful for comparing cases 
with values outside the group average. 

Table 2. The average values of the biomechanical parameters considered (male). 

Region 
Left Foot (% Contact, Max F,  

Impulse) 
Right Foot (% Contact, Max F, 

Impulse) 
Hallux 63.26%, 194.466 N, 41.988 Ns 63.7%, 194.166 N, 41.672 Ns 
Toes 2-5 56.68%, 42.748 N, 7.932 Ns 55.36%, 43.846 N, 7.89 Ns 
Metatarsal 1 73.44%, 120.62 N, 61.638 Ns 75.92%, 136.59 N, 61.032 Ns 
Metatarsal 2 77.8%, 201.222 N, 70.52 Ns 79.98%, 217.702 N, 74.384 Ns 
Metatarsal 3 81.58%, 238.458 N, 72.682 Ns 82.42%, 228.136 N, 71.522 Ns 
Metatarsal 4 82.92%, 203.438 N, 63.438 Ns 82.42%, 228.136 N, 71.522 Ns 
Metatarsal 5 79.54%, 159.186 N, 46.658 Ns 75.6%, 146.712 N, 45.659 Ns 
Midfoot 72.02%, 225.102 N, 66.498 Ns 69.2%, 214.388 N, 66.706 Ns 
Medial Heel 57.3%, 340.574 N, 86.414 Ns 57.24%, 360.936 N, 92.23 Ns 
Lateral Heel 57.38%, 276.708 N, 74.008 Ns 56.28%, 287.47 N, 74.352 Ns 

MaxF= Maximum Force   
 
In male subjects group: The left and right foot show generally similar percent-

ages of contact and impulses across most regions, indicating a balanced gait. How-
ever, slight variations are observed in Metatarsal 1 and 2 forces and heel areas, where 
the right foot exhibits higher forces and impulse values. Midfoot and Heel Regions: 
The medial heel shows the highest force applied (360.936 N on the right foot) and a 
significant impulse, reflecting a key area for weight transfer during gait. Toes and 
Metatarsals: The big toe (hallux) and metatarsals consistently show high contact and 
forces, highlighting their critical role in push-off phases of gait. 

Table 3. The average values of the biomechanical parameters considered (female). 

Region 
Left Foot (% Contact, Max F,  

Impulse) 
Right Foot (% Contact, Max F, 

 Impulse) 
Hallux 64.89%, 199.61 N, 40.62 Ns 63.47%, 183.67 N, 40.01 Ns 

Toes 2-5 48.53%, 36.27 N, 7.49 Ns 48.00%, 37.65 N, 6.78 Ns 
Metatarsal 1 69.29%, 72.36 N, 57.90 Ns 71.64%, 89.11 N, 47.11 Ns 
Metatarsal 2 78.56%, 201.84 N, 48.05 Ns 79.34%, 207.57 N, 54.48 Ns 
Metatarsal 3 80.24%, 174.13 N, 50.54 Ns 81.39%, 187.45 N, 54.02 Ns 
Metatarsal 4 80.33%, 121.55 N, 56.02 Ns 80.09%, 104.95 N, 52.83 Ns 
Metatarsal 5 70.58%, 65.30 N, 45.35 Ns 75.6%, 146.712 N, 45.659 Ns 

Midfoot 62.29%, 178.80 N, 55.70 Ns 63.62%, 173.67 N, 56.16 Ns 
Medial Heel 58.79%, 288.44 N, 73.41 Ns 58.50%, 280.21 N, 72.24 Ns 
Lateral Heel 56.54%, 270.92 N, 69.03 Ns 58.49%, 277.93 N, 69.57 Ns 

MaxF= Maximum Force  
 
In female subjects group: Both feet show similar % contact and impulses in the 

hallux, reflecting symmetrical push-off mechanics. The slightly higher maximum 
force on the left hallux may suggest a slight dominance or compensation during toe-
off. The metatarsal regions (especially Metatarsals 1 and 2) show high forces and im-
pulses on both feet, consistent with their role in distributing loads during the stance 
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and propulsion phases. Notably, Metatarsal 1 on the left foot demonstrates higher 
impulse, indicating prolonged contact time despite slightly lower peak forces com-
pared to the right foot. The midfoot and heel areas demonstrate excellent symmetry 
in terms of % contact, forces, and impulses. This suggests balanced weight transfer 
during heel strike and midstance phases of the gait cycle. The medial heel exhibits 
the highest forces on both feet, reflecting its critical role in load absorption during 
initial contact. Toes 2-5 exhibit slightly higher forces on the right foot, but overall 
impulse values are comparable, indicating balanced secondary push-off contribu-
tions.  

Step length and cadence values differed significantly between genders. Women 
displayed a higher cadence but shorter step length (p = 0.001), consistent with previ-
ous research indicating gender-based gait adaptations. This suggests that rehabilita-
tion programs should account for these biomechanical differences when designing 
interventions. 

3.2. Analysis of Outliers in Biomechanical Parameters 
From the evaluated sample, subjects with biomechanical parameters that signif-

icantly deviated from the group average were excluded. A total of 12 participants 
were identified with substantial deviations from the mean values recorded in the 
control group. Among these, 5 subjects were male, and 7 were female, with an aver-
age age of 20.08 years. For these 12 participants, an individual analysis was con-
ducted on the following variables: 
• Plantar pressures (graphical representation of pressure distribution); 
• Contact area (total and active contact); 
• Foot angle, subtalar angle, and subtalar joint flexibility; 
• Force and pressure graphs (dynamic representation); 
• Balance and gait graphs (step-by-step evaluation). 

The variables were selected based on the biomechanical parameter(s) that 
showed deviations from normal values. The evaluation was performed using 2D vis-
ualization, synchronized mode, and single-step analysis. This allowed a detailed in-
vestigation into the specific abnormalities. 

Out of all the patients with abnormalities detected during gait analysis (includ-
ing changes in the longitudinal arch of the foot, knee posture disorders, and leg 
length discrepancies), the following conditions were identified: 
• Flatfoot (Pes Planus): 4 cases of bilateral flatfoot (Grades I and II); 
• High Arch (Pes Cavus): 1 case with a high plantar arch. 
3.2.1. Flatfoot (Pes Planus) 

Represented the majority of identified abnormalities (33% of cases). These sub-
jects demonstrated increased contact area and altered pressure distributions, con-
sistent with the flattened medial longitudinal arch. From the cases analyzed, one sub-
ject with bilateral flatfoot (Grade II) was chosen to illustrate biomechanical parameter 
interpretation, as the other three cases with flatfoot exhibited similar variations. Dy-
namic measurements were conducted in the dynamic screen mode, with several key 
aspects directly observable (as shown in Figure 1): 
• Foot rolling patterns (left or right): Movement can be fractionated, and various 
gait phases can be observed step-by-step. The left panel functions like a video player, 
displaying sequential frames; 
• Plantar pressure mapping for the left and right foot; 
• Maximum pressure visualization during gait for both feet. The right-hand scale 
represents normal force, and a slider indicates instantaneous normal force applied at 
the center of pressure during walking. The highest pressure is color-coded (red = 
highest, followed by orange, yellow, green, blue, and violet). The orange-red zone 
indicates high pressure at the right hallux. 
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Figure 1. Plantar pressure images in syncro mode for a 22-year-old female subject with Grade 
II bilateral flatfoot, more pronounced on the right foot. 

Contact areas for each foot were also evaluated (Figure 2a; 2b). The program 
divides the contact area into three regions: Forefoot (toes and metatarsals), Midfoot 
(plantar arch), Rearfoot (heel). For each region, automatic calculations provide nu-
meric values for contact area (percentage) and impulse (percentage). In cases of struc-
tural foot anomalies, the percentage of contact in the midfoot region is particularly 
relevant: the midfoot contact area is 33% (a) compared to 26% (b) in a subject without 
foot pathology. 

 

 

                        (a) (b) 

Figure 2. Contact area for the three main regions of the foot: (a) for a 22-year-old female subject 
with flatfoot; (b) for a 23-year-old male subject without foot deformities. 

For larger contact areas, proportional loading in the midfoot region is also ex-
amined. The impulse reflects the duration of pressure application in a given area. Red 
zones on the impulse screen indicate prolonged pressure, suggesting a higher risk of 
ulcers or overuse injuries. In the analyzed case, the impulse value in the midfoot was 
slightly elevated but comparable to that of a healthy subject, as confirmed by the col-
orimetric map. This indicates increased midfoot contact but no excessive weight-
bearing in the region. 

The single-step analysis screen further illustrates the phases of gait (foot rolling), 
divided into four distinct phases, shown as percentages of the total gait cycle: 

• Initial Contact: Time between the first heel strike and the first metatarsal contact; 
• Forefoot Contact Phase: Time from the first metatarsal contact to full metatarsal  
contact; 
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• Midstance (Flatfoot Phase): Time between full metatarsal contact and heel lift-
off; 

• Propulsion Phase: Time from heel lift-off to the last toe-off. 
Figure 3 presents temporal parameters (in milliseconds and percentages) for the 

analyzed phases. Deviations are color-coded: blue/cyan (premature), green (within 
normal limits), and red (delayed). 

 
Figure 3. Temporal Parameters for a 22-Year-Old Female Subject with Flatfoot. 

3.2.2. High Arch (Pes Cavus) 
The single case of high arch demonstrated localized high pressure and reduced 

contact area, indicative of load concentration in specific regions of the foot. For the 
case of a right high plantar arch (male, 23 years old), the same biomechanical param-
eters were analyzed.  

Figure 4 (a) shows syncro pressure images, and Figure 4 (b) illustrates contact 
area percentages for the three foot regions. 

For the analyzed subject, most temporal parameters were within normal limits, 
with variations of up to 10% compared to the norm. However, the midstance phase 
(flatfoot phase) showed a significant deviation, with a recorded value of 64.6% com-
pared to the normal range of 10-20%, aligning with the identified pathology. This 
indicates a flattened medial longitudinal arch. 

 

 
                   (a) (b) 

Figure 4. (a) Syncro Mode Pressure Images for a 23-Year-Old Male Subject with a Right High 
Plantar Arch. (b) Contact Area for the Three Main Regions of the Foot for the Same Analyzed 
Subject. 
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It is observed that the orange-red area on the screen indicates high pressure at 
the level of the right hallux. From the analysis of the figure, an increased contact sur-
face for the right forefoot is noticeable, at the expense of the midfoot. For a better 
visualization of this aspect, Table 4 presents the contact surfaces for the three regions 
of the foot, for both feet in the case of the subject with plantar pathology, compared 
to a subject without pathology. 

Table 4. Comparison between the contact surfaces of the foot (expressed as a percentage) for a 
subject without plantar arch pathology and a subject with a high plantar arch. 

Contact area 

Contact Surface (%) 
Subject with a high plantar arch 

in the right foot (23 years old) 

Contact Surface (%) 
Subject without foot deformities 

(23 years old) 
Left foot Right foot Left foot Right foot 

Heel 24,3 25,9 25,2 26,6 
Midfoot 27 12,3 26 28,9 
Forefoot 48,8 61,7 48,8 44.5 

The subject with a high plantar arch in the right foot exhibits a significant redis-
tribution of pressure. The midfoot contact surface is markedly reduced in the right 
foot, while the forefoot compensates with a substantial increase. The left foot values 
remain relatively similar between the two subjects. 

In Figure 5, the plantar footprint is visualized during different phases of walking 
for both feet. The absence of a footprint in the midfoot area of the right foot is ob-
served during the mid-support phase.  

 
Figure 5. The "single-step method" screen for a male subject, 23 years old, with a high plantar 
arch in the right foot. 

From the figure's analysis, temporal parameter changes are observed for the 
right foot during the early and mid-support phases, with a prolongation of these 
phases. This corresponds to the biomechanics of the investigated pathology.  

Table 5 provides a comparative presentation of temporal parameters related to 
walking phases for both feet in the subject with a high plantar arch, compared to a 
subject without known pathology. 
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Table 5. Comparison of Temporal Parameters Related to Walking Phases for a Subject without 
foot deformities  and a Subject With a High Plantar Arch 

Walking Phase 

Duration (ms) 
Subject with a high plantar arch 

in the right foot (23 years old) 

Duration (ms) 
Subject without foot deformities 

(23 years old) 
Left foot Right foot Left foot Right foot 

Initial contact 110 113 97 107 
Early Mid-

Support Phase 
133 37 102 120 

Mid-Support 
Phase 

319 431 312 290 

Propulsion 
Phase 

237 212 201 211 
 

The subject with a high plantar arch exhibits significant deviations in the tem-
poral parameters of walking, particularly in the early and mid-support phases. The 
right foot, affected by the high plantar arch, shows a substantial reduction in the early 
mid-support phase duration and a pronounced prolongation in the mid-support 
phase. This highlights the altered biomechanics and compensatory mechanisms as-
sociated with the pathology. The left foot is less affected, showing only minor differ-
ences compared to the healthy subject. 

4. Discussion 
The diagnosis of foot dysfunctions must go beyond simple clinical observation 

and visual inspection [21]. In recent years, the information provided by plantar pres-
sure distribution during walking has been recognized as a reliable tool for assessing 
the posture of both normal and pathological feet. However, the impact of structural 
foot characteristics on plantar pressures in various foot dysfunctions remains poorly 
defined [22]. Although often asymptomatic, there have been debates about whether 
flatfoot and high-arched feet have a noticeable impact on human gait. Several studies 
have utilized plantar pressure measurement systems to assess gait alterations in sub-
jects with these pathologies.  

This study investigated the utility of gait analysis technologies, such as the 
RSSCAN platform, in evaluating biomechanical deviations in healthy young athletes 
and individuals with foot deformities. Our findings revealed notable differences in 
plantar pressure distribution and temporal gait parameters between individuals with 
flatfoot, high plantar arches, and those without foot pathology. 

For flatfoot cases, a flattened medial longitudinal arch, increased midfoot con-
tact area, subtalar joint pronation, and valgus calcaneal alignment were evident. De-
spite these structural deviations, no significant differences were observed in time-
distance or kinematic parameters compared to subjects without pathology. However, 
kinetic parameters, such as pressure distribution and loading rate during the support 
phase, showed significant differences, indicating greater muscular tension during 
walking in flatfoot cases. Studies by Fan et al. (2018) and others have reported no 
significant differences in time-distance and kinematic parameters for flatfoot cases, 
consistent with our findings. However, our results corroborate evidence of significant 
kinetic deviations, such as altered plantar pressure distribution and higher loading 
rates, which have been linked to increased muscular strain in flatfoot [23]. Meta-anal-
yses on flexible flatfoot suggest that, while this condition often does not impair qual-
ity of life [24-26], it can influence balance and walking speed under specific condi-
tions [27,28]. Our study supports these findings by identifying compensatory mech-
anisms during the support phase. 
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High arches have been less extensively studied compared to flatfoot. For the 
high-arched foot case, there was an increased forefoot contact area at the expense of 
the midfoot, accompanied by prolonged early and mid-support phases for the af-
fected foot. These findings are consistent with the altered biomechanics of high plan-
tar arches. Previous research has highlighted decreased shock absorption and in-
creased stiffness in individuals with high plantar arches [29]. Our findings add to this 
body of evidence, demonstrating prolonged support phases and increased forefoot 
pressure, which likely result from biomechanical compensations. Sedaghati et al. 
(2023) [30] also reported that individuals with high-arched feet experience reduced 
postural control, similar to flatfoot individuals. Our study's observation of increased 
forefoot pressure in high-arched subjects aligns with these findings, indicating po-
tential stability challenges. 

Recent systematic reviews emphasize the value of pressure measurement plat-
forms in detecting gait abnormalities and structural deviations in asymptomatic in-
dividuals [22,31].  Similar to our study, advanced technologies have proven effective 
in identifying subtle deviations that may not be apparent through observational anal-
ysis alone. A systematic review by Chinpeerasathian et al. (2024) [32] emphasized the 
effectiveness of gait analysis technologies, such as foot orthoses, in improving bal-
ance among individuals with flatfoot. 3D motion capture and inertial measurement 
unit (IMU)-based systems, offer complementary insights [33]. While 3D motion cap-
ture excels at tracking full-body kinematics, it requires specialized equipment, con-
trolled lab conditions, and extensive post-processing, making it less practical for real-
world applications. A potential hybrid approach—combining pressure analysis with 
IMU-based monitoring—may provide a more comprehensive understanding of gait 
mechanics. Our utilization of the RSSCAN platform provided detailed insights into 
plantar pressure distributions, reinforcing the value of advanced gait analysis tools 
in clinical assessments. Although there are not a large number of studies focused on 
this topic, it is certain that gait evaluation is becoming a priority even for Artificial 
Intelligence. Lim, A. C. Y., et al. (2022) focused on using AI-driven wearable technol-
ogies for assessing gait deviations in healthy and clinical populations [34].  

Gait deviations, if left unaddressed, can contribute to chronic musculoskeletal 
issues, including joint degeneration, overuse injuries, and altered neuromuscular 
control [35, 36, 37]. From a rehabilitation perspective, early identification of gait ab-
normalities allows for proactive intervention, potentially reducing the need for inva-
sive treatments such as surgery or prolonged physical therapy. The clinical signifi-
cance of our findings lies in the potential for early detection and intervention for foot 
deformities. The broader implications of systemic health on biomechanics are further 
supported by the work of Amzolini et al. (2022) [38],  Neagoe et al. (2020) [39], Ica et 
al. (2023) [40], Zastulka et al. or Matei et al. (2024) [41,42], who explored the role of 
metabolic syndrome in modulating physical outcomes, such as nonalcoholic liver dis-
ease,obesity, vitamine D metabolism and psoriasis treatment response. These studies 
reinforce the idea that systemic contributors, such as metabolic dysfunction or 
chronic inflammation, can profoundly affect musculoskeletal function. Finally, case 
reports by Patru et al. (2021) [43], and Matei et al. (2021) [44], illustrate how advanced 
diagnostic tools can play a pivotal role in uncovering rare musculoskeletal condi-
tions, such as myositis ossificans. Similarly, our study highlights how gait analysis 
can identify subtle biomechanical deviations that might otherwise go unnoticed, par-
ticularly in asymptomatic or clinically complex cases. 

Even in asymptomatic individuals or those without observable gait abnormali-
ties, plantar pressure analysis can reveal biomechanical deviations that may predis-
pose to future musculoskeletal issues. In the context of younger populations, studies 
by Popescu et al. (2024) [45], demonstrated that inflammation and excess weight neg-
atively impact physical performance in overweight and obese schoolchildren. By ad-
dressing these issues through targeted interventions, such as those informed by gait 
analysis, it is possible to improve both mobility and long-term musculoskeletal 
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health. According to these ipothesis another study highlighted the efficiency of the 
individualized rehabilitation program to improve gait for patients with partial hip 
replacement, elderly patients that could have physiological and pathological partic-
ularities [46]. Our study expands on this by showcasing the value of gait analysis as 
a preventive diagnostic tool, particularly in asymptomatic individuals who may be 
at risk for developing biomechanical dysfunctions. Specifically, for flatfoot, identify-
ing increased midfoot pressures and altered loading rates can guide the use of or-
thotic devices or targeted physical therapy to reduce strain and improve alignment. 
For high-arched feet, interventions aimed at redistributing plantar pressure and im-
proving shock absorption may help mitigate the risk of overuse injuries, particularly 
in athletes. 

The combined use of numerical and imaging data in this study highlights the 
importance of a multimodal approach to gait analysis. By integrating qualitative and 
quantitative insights, clinicians can better understand foot-ground interaction and 
develop personalized treatment plans. 

Limitations of the study: The study sample size was limited, particularly for the 
high-arched foot group, which may affect the generalizability of findings. The cross-
sectional design does not allow for analysis of the long-term progression or impact 
of these conditions on gait and musculoskeletal health. 

Further research is needed to address the limitations of this pilot study and ex-
pand on its findings. Suggested directions include conducting longitudinal studies to 
track the progression of flatfoot and high-arched foot over time and evaluate the ef-
fectiveness of interventions and integrating advanced technologies, such as 3D gait 
analysis or wearable sensors, to complement plantar pressure measurements and 
provide additional insights into foot biomechanics. Future studies should focus on 
longitudinal gait tracking, exploring how deviations evolve over time and how tar-
geted interventions influence long-term movement patterns. Researchers should also 
investigate hybrid assessment models integrating RSscan with wearable sensors or 
machine learning algorithms to enhance predictive accuracy. 

5. Conclusions 
This study highlights the importance of precise gait assessment in both clinical 

rehabilitation and sports performance settings. The use of RSscan technology demon-
strated clear advantages in identifying biomechanical deviations that could inform 
personalized treatment strategies. Several key methodological advancements are in-
troduced, significantly contributing to the field of biomechanical evaluation. Integra-
tion of Modern Technologies: The use of the RSSCAN platform enabled the precise col-
lection of functional gait data, including plantar pressure distribution, contact area, 
and gait phases. This approach ensures a high level of accuracy and detail in the anal-
ysis of foot biomechanics. Multidimensional Approach: By combining numerical analy-
sis (biomechanical parameters) with imaging data, the study provides a comprehen-
sive and qualitative perspective on foot-ground interaction. This dual approach en-
hances the depth and reliability of the findings. Focus on Asymptomatic Subjects: The 
inclusion of asymptomatic individuals, a less explored group in the literature, high-
lights the importance of preventive diagnostics. The study demonstrates that plantar 
pressure analysis can detect subtle biomechanical deviations, even in the absence of 
observable gait alterations or clinical symptoms. This early detection can help pre-
vent potential complications associated with flatfoot and high plantar arches. Identi-
fication of Biomechanical Anomalies: Through this innovative methodology, the study 
identified significant biomechanical anomalies in subjects without prior clinical com-
plaints or observable changes in gait. These findings emphasize the diagnostic value 
of advanced pressure analysis in uncovering hidden structural or functional abnor-
malities. Applications in Athletic Evaluation: The results provide a solid foundation for 
biomechanical assessment in athletes, offering insights into performance optimiza-
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tion and injury risk reduction. By addressing subtle deviations early, targeted inter-
ventions can improve both athletic performance and long-term musculoskeletal 
health. These methodological contributions establish a valuable framework for inte-
grating modern technologies into clinical and sports practice, emphasizing the im-
portance of early diagnostics and personalized interventions in maintaining optimal 
biomechanical health.  
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