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Abstract: 

The purpose of the study was to determine the psychometric properties of the L-test for students with lower limb 

amputation implemented by intelligent digital infrastructure. Material and Methods. The experiment involved 

first-year students (males) with amputation of the lower left limb in the absence of acute conditions, open 

wounds, or complications. The theoretical and empirical research used the following methods: analysis, 

synthesis, systematization, generalization, measurement and mathematical statistics. Measurement was 

implemented using the L-test. Results. The result of our scientific search was the development of an intelligent 

digital infrastructure designed for the implementation of the L-test, which involved solving tasks in collecting 

and analyzing testing data such as test execution time, gait trajectory, maintaining balance during gait and 

accuracy of turning. The intelligent digital infrastructure included: Radiofrequency Identification (RFID) 

microcontroller with an Arduino Mega 2560 board and PC with OLED display. The development used RFID 

components: RFID tags located at key points of the L-test trajectory, RFID reader - which is located on the 

student and RFID - data processing system that accumulates and analyzes information, linking RFID elements 

into a single system. The signal received and processed by RFID when a student performs a test task is 

transmitted via radiofrequency communication to the Arduino Mega 2560 microcontroller board. The board 

provides the ability to process signals from RFID to calculate gait parameters when performing the L-test. To 

increase the efficiency of the intelligent digital infrastructure, Machine Learning algorithms and cloud data 

storage were implemented. Analysis of the results of the experimental study showed a «high» level of 

psychometric properties of the L-test for students with lower limb amputations implemented by the intelligent 

digital infrastructure in contrast to the results recorded by a stopwatch. Conclusions. The use of the intelligent 

digital infrastructure in the implementation of the L-test for students with lower limb amputations provides a 

high level of reliability and objectivity of the control results in real-time. The use of modern artificial 

intelligence technologies in the developed infrastructure allows analyzing large volumes of collected data and 

creating models capable of assessing the quality of test performance and identifying gait pathologies in students 

when performing the L-test. 

Key Words: students, limb amputation, physical education, inclusion, control, gait. 

 
Introduction 

Problem statement. For ten years in a row, Ukraine has been tirelessly fighting for its independence and 

territorial integrity. Tens of thousands of people have lost their limbs during this time, and since the beginning of 

russia's full-scale invasion of Ukraine (Holovanova et al., 2025). According to information (van Dongen et al., 

2017; Laferrier et al., 2010; Pursela et al., 2024), lower limb injuries account for the majority of combat injuries. 
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Compared to recent armed conflicts in the West, the number of amputation victims in 17 months of full-scale 

war is significantly higher and amounts to about 50 thousand (Texty.org.ua). 

At the beginning of the russian-ukrainian war the main causes of amputations were artillery and rocket 

attacks, and these were mostly military. At the moment, amputations have largely spread among the civilian 

population and are caused by mine-blast injuries. At the same time, amputations are also regularly suffered by 

people with certain diseases. Despite numerous studies on this issue, several remain unresolved (Collins et al., 

2006; Penn-Barwell, 2011; Fiedler et al., 2014). In the context of a prolonged war, the number of students from 

among the military, veterans and civilians with amputations has increased significantly. Therefore, the current 

challenges for higher education institutions, along with the provision of educational services, in the rehabilitation 

of Ukrainian students with lower limb amputation are large-scale. Given the duration of the war and the 

continuation of hostilities, the issue of the effectiveness of the rehabilitation process of students with lower limb 

amputation in the learning process is particularly relevant. 

Analysis of recent research and publications. There is no doubt that after amputation, there is a need to 

restore and rehabilitate vital body functions (Godwin, Ahmed, & Shaat, 2022; van Dongen et al., 2017; 

Fitzgerald et al., 2007). Nowadays, this task is organically implanted in the educational process of inclusive 

physical education, which in higher education institutions provides the rehabilitation of students with disabilities 

(Barber et al., 2024). As it has been researched (Karamani et al., 2024; Lieberman, Houston-Wilson, & Grenier, 

2024), it is an effective tool in terms of positive impact on the quality of life and functional state of the body of 

students with disabilities. It has been determined (Dillingham, & Pezzin, 2008; Ladlow et al., 2017; Soares et al., 

2009) that the loss of a lower limb has serious consequences for human mobility and activities of daily living. 

Therefore, as argued by (De Pauw et al., 2020; Lathouwers et al., 2023; Michael, & Bowker, 2004), living with a 

prosthetic leg is primarily about learning new walking skills. 

Scientists are unanimous in their opinion (Thibault, 2019; Demeco et al., 2023; Koenig et al., 2024) that 

achieving independent mobility after amputation requires the ability to walk freely. The goal of rehabilitation 

after lower limb amputation is to help gain independence with the most efficient gait possible (Demeco et al., 

2023; Rivera, & Pasquina, 2016; Esquenazi, 2014). Accordingly, the control of gait recovery is recognized 

(Sansam et al., 2009; Farrokhi et al., 2019; Rau, Bonvin, & de Bie, 2007) as a correlate of the entire 

rehabilitation process. 

It has been proven that the indicator of test control of gait parameters provides detection of changes that 

occur after appropriate rehabilitation measures (Rau, Bonvin, & de Bie, 2007) and provision of prosthesis. 

Reliability of test control results, according to which the assessment, interpretation of results and correction of 

inclusive physical education program are realized, are determined by psychometric properties of the test 

(reliability and validity), which, as it was investigated (Kirshner, & Guyatt, 1985), should be relevant to the 

population for which it is used.At the same time, eliminating the influence of the human factor in the 

implementation of test control is recognized (Blavt et al., 2024; Ladlow et al., 2019; Mykytyuk et al., 2022) as a 

leading factor in ensuring a high level of psychometric properties. At the current level of scientific research, this 

can be realized by introducing modern technologies (McCreath Frangakis, Lemaire, & Baddour, 2023; Juneau et 

al., 2021; Dejaco et al., 2023), including artificial intelligence technologies (Davenport, & Kalakota, 2019; 

Juneau et al., 2022; Chaplin et al., 2023; Zhang et al., 2024) into the testing process. 

The purpose of the study is to determine the psychometric properties of the L-test for students with 

lower limb amputation implemented by intelligent digital infrastructure. 

 

Materials and methods 
Research methods 

The choice of research methods is justified by the theoretical and empirical nature of our experimental 

scientific research and the projected purpose of the study. A set of procedures at the theoretical and empirical 

levels ensured the receipt of objective research data and their processing. 

At the theoretical level, general scientific methods (analysis of literary sources, synthesis, 

generalization) were used to obtain information on the identified research problem. As an applied (specific 

scientific) method, the method of measurement was used to obtain current information on the defined research 

problem. The measurement is realized using the L-test. The L-test was originally developed for people after 

lower limb amputation and is a modified version of the timed up and go test (TUG) (Death, & Miller, 2005). The 

L-test is a more comprehensive test because it includes a longer walking distance: the walking distance is 

increased from 6 to 20 meters than the TUG and also requires participants to make four turns in both (right/left) 

directions (Yuksel et al., 2021), both clockwise and counterclockwise (Eldemir et al., 2025). 

The conclusions and description of the study results are based on the results of statistical processing of 

the measurement results. 

Procedure of the test. 

The student sits in a chair with his/her back to the chair, hands resting on the arms of the chair, and, if 

possible, has an assistive device at hand. After the word «go», get out of the chair, walk to the first line, turn 90 
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degrees, and walk to the second line, then turn 180 degrees, and return to sit in the chair. The student walks at a 

comfortable speed (The L Test). 

Study participants. 

The experiment involved 26 first-year students (males) from Lviv Polytechnic National University, 

Kamianets-Podilskyi National Ivan Ohiienko University, Lviv National Stepan Gzhytsky University of 

Veterinary Medicine and Biotechnology, Ternopil Volodymyr Hnatiuk National Pedagogical University, Lutsk 

National Technical University and Kremenets Taras Shevchenko Regional Academy of Humanities and 

Pedagogy with lower limb amputation in the absence of acute conditions, open wounds, or complications. Given 

that the left leg prosthesis creates a higher degree of mobility, all students in the study sample had an amputated 

left lower limb. The students in the study sample were able to maintain balance on the prosthesis and crutches, 

walk using crutches, and get up and down without assistance. 

The study was conducted on a voluntary and anonymous basis. All students underwent a medical 

examination before the experiment and received a doctor's permission to participate in the experiment. 

The study was planned and carried out following the principles of bioethics set forth by the World 

Medical Association (WMA-2013) in the Helsinki Declaration «Ethical Principles of Medical Research 

Involving Humans» and UNESCO in the «General Declaration on Bioethics and Human Rights».  

Research organization 

Before the test was implemented, students in the study sample received step-by-step instructions on how 

to complete the test, a demonstration, and an explanation of how to record the results. Students were given two 

attempts to complete the test with an interval of 2 minutes. The test was administered twice with an interval of 

seven days. To ensure student safety, chairs were placed near the testing site. Student insurance in the process of 

performing test tasks was ensured by the teacher's accompaniment along the course. The average time of the two 

tests was used in the final data analysis. The experiment was implemented as part of a university course on 

inclusive physical education. Information about the test results was obtained in two ways. The method of 

obtaining test results was used as an experimental factor. The results of the test control were recorded in two 

ways: by intelligent digital infrastructure and by the teacher using a stopwatch. 

Statistical analysis 

When choosing from a variety of available methods of outcome assessment to analyze and summarize 

the measurement data obtained from the experimental study to determine the psychometric properties of the L-

test, we opted for correlation analysis (Prion, & Haerling, 2014). 

The psychometric properties of an outcome measure are the characteristics that express its adequacy in 

terms of reliability and validity. 

Psychometric properties are usually measured by Intra-class correlation coefficients and are presented 

as a number between 0 (no consistency) and 1 (complete consistency) (Shrout, & Fleiss, 1979). The 

psychometric properties of an outcome measure are the characteristics that express its adequacy in terms of 

reliability and validity (Outcome Measures for Patients with Lower Limb Amputation). 

Reliability – the extent to which results can be reproduced when the study is repeated under the same 

conditions. Validity – this is the degree to which the content of an outcome measure is an adequate reflection of 

the concept to be measured (Mokkink et al., 2010)  

Аll statistical analyses were performed using SPSS Version 22.0 (IBM Corporation). 

 

Results 

It has been determined (Gait abnormalities in patients with amputations),  that in the process of 

controlling gait with amputated limbs, it is important to know how amputation affects normal gait (De Pauw et 

al., 2020; Yildirim Şahan, & Erbahçeci, 2023). Therefore, we will use the term «normal gait» to define a model 

that has been generalized across many variables, including age and gender (Fish, & Nielsen, 1993). 

Gait as a complex process involves the coordination of motor and sensory systems (Frengopoulos et al., 

2018). Our empirical experiment was based on the fact that lower limb amputation significantly disrupts body 

statics (Demeco et al., 2023). Accordingly, the center of gravity shifts toward the preserved limb. Walking with a 

prosthesis after lower limb amputation complicates these processes (Demeco et al., 2023; Farrokhi et al., 2019). 

As a result, it is possible to walk freely in the 3-4th month of training. At the same time, walking on the right hip 

prosthesis requires more skill. This is also required for walking on uneven surfaces, climbing slopes, etc. (Raya 

et al., 2013). In addition, it was taken into account that there may be deviations in gait with amputated limbs that 

arise as compensation for the prosthesis, muscle weakness or tension, balance disorders, and fear. Such 

deviations cause a change in gait pattern (Ewins, & Collins, 2014). In the rehabilitation process, these changes 

must be recognized in time to make corrective decisions. 

Therefore, the first stage of our research resulted in the development of an intelligent digital 

infrastructure designed to implement the L-test. The complexity of developing such an infrastructure involved 

solving problems in collecting and analyzing test data, including test execution time, gait trajectory, balance 

during gait, and accuracy of turns. 
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To meet these requirements, we used the Radiofrequency Identification (RFID) system, a modern 

automatic identification technology that automates the process of collecting and processing information in a 

contactless manner (Politanskyi et al., 2024). RFID is an important element of the digital infrastructure that can 

be easily integrated into it and provides a comprehensive solution to the tasks at hand. In particular, in our 

development, RFID ensured the recognition and registration of the necessary parameters (Mykytyuk et al., 

2023), when a student performs the L-test online and tracked the student's movement using radiofrequency 

radiation. 

The developed infrastructure uses RFID components: 

– RFID tags are located at key points in the L-test trajectory. An RFID tag is a miniature storage device 

with a microchip and an antenna. The microchip is designed to store information, and the antenna transmits and 

receives data. 

An RFID tag does not require power. The «memory» of the tags contains the identification code and has 

the function of memory overwriting. In addition, it provides storage of unique information data: when it enters 

the RFID tag's registration area, the information is read. The RFID tag stores up to 10 thousand bytes of up-to-

date information, has an increased level of invulnerability and resistance to the environment, has no limitations 

on its service life and has the potential to save energy. 

– An RFID reader is a special microdevice with an antenna that is worn by a student. Its function is to 

obtain accurate information about the passage of a certain point of the L-test distance and the spatial position of 

the student during the L-test by reading data from the tags and storing them. RFID readers read information 

quickly and accurately, approaching 100% identification. The RFID reader communicates with the RFID data 

processing system via radiofrequency. 

– An RFID data processing system that accumulates and analyzes information, linking the elements into 

a complete system. The RFID system can overwrite RFID tags. An RFID reader does not require direct visibility 

of the tag to «read» the data. RFID tags are perceived by the packaging, which guarantees «hidden» placement. 

To read the data, the RFID tag is brought into the registration area, including by moving the RFID system at high 

speed. 

The signal that is received and processed by the RFID when the student performs the test task is 

transmitted to a microcontroller with an Arduino Mega 2560 board with 256 KB of flash memory. The voltage in 

the Arduino Mega 2560 is supplied directly from an external power source, not related to 5V from USB or 

another source of stable voltage, or an external adapter. The board provides the ability to process signals from 

RFID while the data obtained is used to calculate gait parameters during the L-test, recording the moments when 

the student crosses the RFID reader zone and determine the time required to complete each segment of the 

trajectory. The collected data is transmitted by the RFID system to a PC via a wireless module for easy further 

analysis. In our development, the results are displayed using an OLED display, which is characterized by the 

lowest power consumption. Such a display provides the ability to present an innovative graphical test scheme 

with detailed images. The data can be presented in the form of graphs, tables, or 3D models of the student's 

movement during the L-test. Additionally, the system is expanded with cloud storage, which provides a simple 

and secure connection to cloud applications using an IoT gateway. Cloud storage is used to track students' 

progress on the L-test over the long term. Interactive interfaces, such as game scenarios, motivate students to 

perform tasks more accurately and ensure the effect of the innovations used. 

Testing with the use of intelligent digital infrastructure is carried out as follows (Fig. 1). A student of 

the study sample assumes a sitting position. An RFID reader is placed on the student at certain points. From the 

beginning of the test task, the information from the RFID tags is transmitted to the RFID reader and then to the 

RFID data processing system. RFID, information about the student's spatial position during the test is 

transmitted to the microcontroller and then to the PC. On the OLED display, the information is presented in 

digital and graphical form. 

                                  
Fig. 1. Scheme of L-test implementation use of intelligent digital infrastructure: 
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1 – student, 2 – RFID tags, 3 – direction of movement, 4 – RFID reader, 5 – RFID data processing 

system; 

6 – infrared lines; 7 –microcontroller, 8 – PC 

Machine learning algorithms are used to improve the efficiency of the smart digital infrastructure. 

Machine Learning is a branch of artificial intelligence that develops algorithms and statistical models based on 

test data to make predictions or decisions. They allow us to analyze large amounts of collected data and create 

models that can assess the quality of test performance and identify pathologies in students' movements during the 

L-test. In the second stage of the study, the students of the studied sample were tested to determine the level of 

test reliability and validity of the L-test (Table 1).  

 

Table 1  

Psychometric properties of the L-test for students with lower limb amputation (n – 26) 

Psychometric 

properties 

Rtt 

ST ІDІ ST ІDІ ST ІDІ ST ІDІ 

reliability 0,618 0,901 0,591 0,889 0,672 0,902 0,622 0,889 

validity 0,255 0,511 0,248 0,608 0,284 0,587 0,306 0,614 

*Note: ST – stopwatch, ІDІ – intelligent digital infrastructure 

 

The results of the test control and determination of the psychometric properties of the L-test for students 

with lower limb amputation showed a significantly higher level of reliability and validity of the L-test when the 

results are recorded by intelligent digital infrastructure. According to the digital data, the level of psychometric 

properties of the L-test was within the «high» range. Instead, when the results were recorded by a stopwatch, the 

level of psychometric properties of the L-test reached the «medium» limit. 

 

Dicussion 

The relevance of scientific research is due to the fact that the loss of a limb has serious consequences for 

human mobility and gait (Demeco et al, 2023; Lathouwers et al., 2023; Farrokhi, et al., 2019) and active daily 

living (Dillingham, & Pezzin, 2008; Ladlow et al., 2017; Sinha et al., 2011). Therefore, we align our research 

with the findings (Herasymenko et al., 2018; Soares et al., 2009; Laferrier et al., 2010), that appropriate 

evidence-based rehabilitation after amputation is important to prevent severe mobility and self-care limitations, 

postural disorders, decreased body endurance, and inability to tolerate physical activity (Esquenazi, & 

DiGiacomo, 2001; Fiedler et al., 2014; Murray, & McGinty, 2023). 

The need to obtain objective test control data is driven by the need to develop best practices for 

rehabilitation after lower limb amputation (Esquenazi, 2014; Murray, & McGinty, 2023). We support the 

scientific approaches that test results should be reliable and valid (Alvurdu et al., 2024; de Valle et al., 2021; 

Ladlow et al., 2019) to ensure the reliability of interpretation of the meaning of changes and appropriate 

correction of the inclusive physical education program for students after lower limb amputation (Balk et al., 

2019; Abraham Correa, Arevalo Osorio, & Maqueira Caraballo, 2024). 

We join the idea (Kim, Chu, & Jeon, 2015; Death, & Miller, 2005; Resnik, & Borgia, 2011) about the 

feasibility and necessity of using the L-test in monitoring the recovery process of people with lower limb 

amputation, as it covers most functional measures. At the same time, our study extends the findings of previous 

studies (Ladlow et al., 2017; Ladlow et al., 2019; Wentink et al., 2014) on the use of electronic devices and 

computer-controlled components (Fiedler et al., 2014; Yildirim Şahan, & Erbahçeci, 2023) in the control of 

walking in traumatic lower limb amputees. 

The study expands the data (McCreath Frangakis, Lemaire, & Baddour, 2023; McCreath Frangakis, 

2024) on the use of automated electronic means in the implementation of the L-test. At the same time, the 

information (Beyea, 2017) confirmed that the use of a stopwatch in recording L-test results is a factor in 

obtaining unreliable test control results. 

It is confirmed (Ladlow al., 2017; Koryahin et al., 2024; Zhang et al., 2024) that the effectiveness of 

control depends on the tool used: real-time monitoring and feedback mechanisms are a factor in obtaining 

reliable results, and the use of technological tools for testing has a sufficient level of evidence of their work 

(Beyea, 2017; Blavt al., 2023; Mykytyuk et al., 2022) 

So far, the L-test has been used to control gait in people: with chronic stroke (Kim, Chu, & Jeon, 2015); 

in stroke patients (Sinha, & Hamdani, 2015) with multiple sclerosis (Eldemir et al, 2025); with Parkinson's 

diseases (Haas et al., 2019); with total knee arthroplasty (Yuksel al., 2021); in hospitalized elderly (Nguyen al., 

2007); in children with cerebral palsy (Cetin, & Erel, 2022); in pediatric lower limb prosthetics (Koenig et al, 

2024); with multiple sclerosis (Kader et al., 2024) 

However, to date, no studies have been conducted on the applicability of the L-test as a tool for 

assessing basic gait skills in situations more similar to real-life situations (Eldemir et al., 2025) in a population of 

students with lower limb amputation. For the first time, we have determined the psychometric properties of the 

L-test for students with lower limb amputation implemented by intelligent digital infrastructure. 
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Conclusions 

At the moment, the duration of the armed aggression has crossed the ten-year mark. The longer the 

russian aggression lasts, the more military and civilians suffer amputations as a result of war injuries. The 

number of students in higher education institutions with amputations is growing from year to year. 

Slowly, higher education institutions are beginning to overcome stereotypes and listen to the «special» 

needs of students with amputations in the process of obtaining education. The core of the university environment 

is inclusive physical education, which is the basis of the fundamental changes that are taking place in the global 

educational space by the realities of today. 

The paper presents the developed intellectual digital infrastructure designed to implement the L-test to 

monitor the rehabilitation process in the course of inclusive physical education. The intellectual digital 

infrastructure includes: RFID, a microcontroller with an Arduino Mega 2560 board, PC with an OLED display. 

Radiofrequency communication is used for data transmission. To improve the efficiency of the smart digital 

infrastructure, Machine Learning algorithms and cloud storage were implemented. 

The results of the analysis of the results of the experimental study showed a «high» level of 

psychometric properties of the L-test for students with lower limb amputation implemented by the intelligent 

digital infrastructure as opposed to recording the results with a stopwatch. 

Thus, the use of intelligent digital infrastructure in the implementation of the L-test for students with 

lower limb amputation provides a high level of reliability and objectivity of the control results in real-time. The 

use of modern artificial intelligence technologies in our development allows us to analyze large amounts of 

collected data and create models that can assess the quality of the test and identify pathologies in the course of 

students. 

Conflicts of interest. No conflicts of interest exist. 
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