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ABSTRACT 

Purpose: The main aim of this doctoral thesis was to determine the influence of fatigue on 

kinematic parameters in basketball fundamental skills. Within this doctoral thesis, five 

independent studies (Study 1-passing, Study 2, Study 3, and Study 4-shooting, Study 5-

dribbling) were investigated. Study 1 set out to exam the influence of fatigue on kinematic 

parameters and accuracy in basketball passing. Study 2 aimed to assess the influence of fatigue 

on kinematic parameters and accuracy in female basketball shooting. Study 3 set out to 

determine the influence of progressive physiological load on kinematic parameters and 

accuracy in young male basketball shooting. Study 4 aimed to compare the kinematic 

parameters of 2-point and 3-point jump shots and ascertain the differences between elite male 

under 16 and 18 and female under 16 and 18 basketball players. Study 5 set out to investigate 

the influence of fatigue on kinematic parameters and the speed in basketball dribbling. 

Methods: In study 1, Eleven Croatian basketball players who are members of the youth national 

program (age: 18.36 ± 0.67 years; height: 192.32 ± 9.98 cm; weight: 83.35 ± 11.19 kg; body 

fat: 15.00 ± 4.40%, arm span: 194.34 ± 10.39 cm) participated in the study. 3D motion analysis 

using inertial sensor technology (Xsens suit) was used to analyze the kinematic parameters of 

push passing; a radar gun was used to determine ball speed; heart rate and blood lactate 

concentration were used to identify fatigue and non-fatigue condition. In study 2, thirty-two 

professional female basketball players volunteered to take part in the study (age: 22.11 ± 4.92 

years; height: 173.99 ± 7.06 cm; weight: 67.89 ± 5.65 kg). The Xsens suit and smart ball were 

used for measuring the kinematic parameters. A shooting machine was used to standardize each 

pass, directly influencing the shooting efficiency, and to minimize the interference from 

external factors. To monitor the fatigue level, the blood lactate concentration and rating of 

perceived exertion were conducted during the testing. In study 3, one player (age: 17.36 years) 

who is a member of the Croatian U18 Men’s National Team was evaluated as a case study. To 

measure kinematic parameters during the jump shot, the SIMI Motion system with eight 

cameras and a smart ball were used. The progressive physiological loads were determined by 

blood lactate concentration. Forty-eight young male and female basketball players participated 

in study 4. To assess the kinematic parameters of 2-point and 3-point shooting, Xsens suit was 

used with the addition of a smart ball. In study 5, fourteen Croatian senior basketball players 

excluding power forwards and centers (age: 21.16 ± 3.43 years; height: 188.81 ± 6.88 cm; 

weight: 87.81 ± 6.06 kg; body fat: 13.34 ± 3.52 %) participated in the study. Each player 

performed two types of change of direction with dribbling: front change of direction and spin 



  

move. Xsens suit and Novel pressure insoles were used to measure the kinematic and kinetic 

parameters respectively. Heart rate and blood lactate concentration were employed to monitor 

players’ fatigue level.  

Results: In study 1, there was significant difference in angular velocities of shoulder (p = 0.01), 

elbow (p = 0.04), and wrist (p = 0.01), ball speed (p = 0.00), pelvis position (p = 0.00), and 

velocity of the pelvis in X-axis (p = 0.00) between fatigue and non-fatigue condition. 

Additionally, the passing accuracy significantly decreased when players were under the 

influence of fatigue (p = 0.01). In study 2, the results demonstrated that there were no significant 

differences in angular velocities of ankle, knee, and hip joints between fatigue and non-fatigue 

condition. Conversely, differences in angular velocities of elbow (p = 0.036) and wrist (p = 

0.002) were detected. Furthermore, the results showed that the release height and entry angle 

of the ball significantly decreased under the influence of fatigue. Moreover, the shooting 

accuracy did not noticeably decrease when players were under the influence of fatigue. In study 

3, the obtained results indicated certain differences in angular velocities of the upper and lower 

extremities regarding different fatigue levels, as well as in the height at the moment of releasing 

the ball under the influence of progressive fatigue. In study 4, players in male categories shot 

for 2-point with a higher center of mass difference in the vertical direction, with higher release 

shoulder angle, and with a higher entry angle of the ball when compared to female categories 

(p < 0.001). In the 3-point shooting, there were differences between male and female categories 

in the shoulder angle when releasing the ball (p < 0.001). In the players’ shooting speed, there 

were differences between U16 male vs U18 female and U16 female vs U18 female (p = 0.02) 

players. Male categories shot 3-point shots with a smaller center of mass difference in the 

horizontal direction when compared to 2-point shots (p < 0.001). The entry angle was higher in 

successful shooting attempts compared to unsuccessful shooting attempts when shooting for 3-

point (p = 0.02). Player shooting speed was higher in all categories (except U18 female) when 

shooting for 3-point (p < 0.001). In study 5, in terms of the front change of direction, the results 

demonstrated that the maximum angular velocities in knee joint (p=0.028), wrist joint (p=0.007), 

and maximum force (p=0.004) significantly decreased under the influence of fatigue; the pelvis 

position and minimum angle in knee joint were higher under the influence of fatigue compared 

to the non-fatigue condition, but there was no significant difference. In terms of the spin move, 

the results showed that there were significant differences in pelvis velocity (p=0.000), 

maximum angular velocity in knee joint (p=0.020), and first step velocity (p=0.010); however, 

no significant difference was detected in the pelvis position, minimum angle in the knee joint 



  

and maximum force. Importantly, the dribbling speed significantly decreased in the fatigue 

condition (p=0.002). 

Conclusions: In general, fatigue has negative influence on kinematic parameters and players 

performance in basketball fundamental skills. To be specific, (1) The major conclusion drawn 

from study 1 showed that fatigue affects the kinematic parameters and accuracy in basketball 

passing. The findings of this study suggest that players need to adopt the correct motor structure 

of passing to create an automatism during the training process of learning. Additionally, 

coaches need to conduct as many drills as possible in situational conditions that are similar to 

the conditions during the basketball game. As a result, the players’ passing performance will 

ultimately not change even under the influence of fatigue. (2) The results of study 2 indicated 

that elite female basketball players can maintain the efficiency through readjusting the 

neuromuscular system to make a successful jump shot when they were under the influence of 

fatigue. Furthermore, the results of current study showed that the release height and entry angle 

of the ball significantly decreased under the influence of fatigue, suggesting that coaches need 

to include in the training process exercises that are similar in terms of fatigue and performance 

to the situational conditions during the game as these two variables play an important role in 

determination of the shooting accuracy. (3) The major conclusion drawn from study 3 was that 

fatigue impacts certain changes in the kinematic parameters of the jump shot in terms of young 

male players. The angular velocities of joints in the lower extremities noticeably increased, 

while the mentioned parameters in the upper extremities decreased when physiological load 

increased. Additionally, the height of releasing the ball decreased. Despite the changes in the 

above-mentioned parameters, the action performed on the ball remained unchanged, 

considering that the shooting speed, as well as the angle at which the ball entered the basket, 

demonstrated no changes. Even though the action performed on the ball did not alter from the 

biomechanical standpoint, the reduction of shooting accuracy under the influence of a higher 

level of fatigue still suggests that certain deviations occurred in the overall pattern of performing 

the examined motor skill. Therefore, coaches are required to design appropriate training 

sessions to resist the influence of fatigue on jump shot performance. (4) The results of study 4 

showed that female and male basketball players used different shooting techniques. 

Additionally, players in male categories shot with a higher center of mass difference in the 

vertical direction, with a higher release shoulder angle, and with a higher entry angle of the ball. 

Moreover, the entry angle of the ball increases in all categories when shooting for 3-point, 

which means that players need more time for 3-point shots after receiving a pass when 

compared to 2-point shots. Therefore, the players are using excessive movements to optimize 



  

the shooting technique when shooting for 3-point. Basketball coaches and players should work 

to minimize the kinematic differences between 2-point and 3-point shots to increase the 

successfulness of shooting from longer distances. (5) The major conclusion drawn from study 

5 is that fatigue affects the kinematics and kinetics of basketball dribbling. Additionally, the 

dribbling speed significantly decreased when the players were under the influence of fatigue. 

From the result point of view, the higher pelvis position, the lower angular velocity in knee and 

wrist joint, and the lower force when the players are under the influence of fatigue may induce 

that they are not able to take advantage of the defender successfully. Additionally, the decrease 

of the dribbling speed under the influence of fatigue will cause the players’ inability to pass by 

the defender quickly during the fast break and transition period, which consequently makes 

them lose the opportunity of scoring. Therefore, the findings of this study suggest that coaching 

staff is required to design appropriate training sessions to optimize players’ ability to resist 

fatigue when dribbling in real game speed conditions. 

Key words: accuracy, efficiency, angular velocity, pelvis velocity, ball speed, female 

basketball, youth basketball, kinematic analysis, kinetic analysis, Xsens, change of direction, 

spin move, joint angle, center of mass, pass, jump shot, dribble 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

SAŽETAK 

Svrha: Glavni cilj ovog doktorskog rada bio je utvrditi utjecaj umora na kinematičke parametre 

u temeljnim košarkaškim vještinama. Unutar ovog doktorskog rada izvedeno je pet neovisnih 

istraživanja (Istraživanje 1 – dodavanje lopte, Istraživanje 2, Istraživanje 3 i Istraživanje 4 – 

šutiranje i Istraživanje 5 – vođenje lopte). Istraživanje 1 je imalo za cilj ispitati utjecaj umora 

na kinematičke parametre i točnost dodavanja u košarci. Istraživanje 2 imalo je za cilj 

procijeniti utjecaj umora na kinematičke parametre i točnost šutiranja u ženskoj košarci. 

Istraživanje 3 imalo je za cilj utvrditi utjecaj progresivnog fiziološkog opterećenja na 

kinematičke parametre mladih košarkaša i njihovu točnost u šutiranju. Istraživanje 4 imalo je 

za cilj usporediti kinematičke parametre skok šutova za 2 i 3 poena i utvrditi razlike između 

elitnih košarkaša do 16 i 18 godina i košarkašica do 16 i 18 godina. Istraživanje 5 je imalo za 

cilj istražiti utjecaj umora na kinematičke parametre i brzinu košarkaškog driblinga. 

Metode: U istraživanju 1, jedanaest hrvatskih košarkaša koji su članovi nacionalnog programa 

za mlade (dob: 18,36 ± 0,67 godina; visina: 192,32 ± 9,98 cm; težina: 83,35 ± 11,19 kg; postotak 

potkožnog masnog tkiva: 15,00 ± 4,40%, raspon ruku: 194,34 ± 10,39 cm) sudjelovali su u 

istraživanju. Za analizu kinematičkih parametara dodavanja lopte jednom rukom guranjem 

korištena je 3D analiza kretanja pomoću inercijske senzorske tehnologije (Xsens odijelo); za 

određivanje brzine lopte korišten je radarski pištolj; otkucaji srca i koncentracija laktata u krvi 

korišteni su za identifikaciju stanja nakon opterećenja (umor) i stanja prije opterećenja (bez 

umora). U istraživanju 2 su dobrovoljno sudjelovale trideset i dvije profesionalne košarkašice 

(dob: 22,11 ± 4,92 godina; visina: 173,99 ± 7,06 cm; težina: 67,89 ± 5,65 kg). Za mjerenje 

kinematičkih parametara korišteni su Xsens odijelo i pametna lopta. Košarkaški top korišten je 

za standardiziranje svakog dodavanja, kao izravan utjecaj na učinkovitost šutiranja, i za 

minimiziranje smetnji od strane vanjskih čimbenika. Kako bi se pratila razina umora, tijekom 

ispitivanja mjerena je koncentracija laktata u krvi i subjektivna procjena opterećenja. U 

istraživanju 3, jedan igrač (dob: 17,36 godina) koji je član hrvatske U18 muške reprezentacije 

promatran je kao studija slučaja. Za mjerenje kinematičkih parametara tijekom skok šuta 

korišten je SIMI Motion sustav s osam kamera i pametnom loptom. Progresivna fiziološka 

opterećenja određena su koncentracijom laktata u krvi. Četrdeset i osam mladih košarkaša i 

košarkašica sudjelovalo je u istraživanju 4. Za procjenu kinematičkih parametara šutiranja za 2 

i 3 poena korišteno je Xsens odijelo s dodatkom korištenja pametne lopte. Četrnaest hrvatskih 

košarkaša seniora, isključujući krilne centre i centre (starost: 21,16 ± 3,43 godine; visina: 

188,81 ± 6,88 cm; težina: 87,81 ± 6,06 kg; postotak potkožnog masnog tkiva: 13,34 ± 3,52 %) 



  

sudjelovalo je u istraživanju 5. Svaki je igrač izveo dvije vrste promjene smjera s vođenjem 

lopte: prednju promjenu smjera i promjena s okretom. Za mjerenje kinematičkih i kinetičkih 

parametara korišteni su odijelo Xsens i ulošci za mjerenje sile pritiska Novel. Otkucaji srca i 

koncentracija laktata u krvi korišteni su za praćenje razine umora igrača.  

Rezultati: U istraživanju 1 postojala je značajna razlika u kutnim brzinama ramena (p = 0,01), 

lakta (p = 0,04) i zgloba šake (p = 0,01), točnosti (p = 0,01), brzine lopte (p = 0,00 ), položaja 

zdjelice (p = 0,00) i brzine zdjelice na X-osi (p = 0,00) između stanja prije i nakon opterećenja. 

Osim toga, smanjila se točnost dodavanja kada su igrači bili pod utjecajem umora. U 

istraživanju 2, rezultati su pokazali da nema značajnih razlika u kutnim brzinama skočnog 

zgloba, koljena i kuka. Suprotno tome, otkrivene su razlike u kutnim brzinama lakta (p = 0,036) 

i zgloba šake (p = 0,002). Nadalje, rezultati su pokazali da se visina izbačaja i kut upada lopte 

značajno smanjuju pod utjecajem umora. Štoviše, preciznost šutiranja nije se naočigled 

smanjivala kada su igrači bili pod utjecajem umora. U istraživanju 3, dobiveni rezultati ukazuju 

na određene razlike u kutnim brzinama gornjih i donjih ekstremiteta s obzirom na različite 

razine umora, kao i u visini u trenutku puštanja lopte pod utjecajem progresivnog umora. U 

studiji 4, igrači u muškim kategorijama šutirali su za 2 poena s višom razlikom centra težišta 

tijela u okomitom smjeru, s većim kutom izbačaja u ramenu i s većim kutom ulaska lopte u 

usporedbi sa ženskim kategorijama (p < 0,001). U šutiranju za 3 poena uočene su razlike između 

muške i ženske kategorije u kutu ramena pri izbačaju lopte (p < 0,001). U brzini šutiranja 

postojale su razlike između košarkaša U16 i košarkašica U18 te između košarkašica U16 i U18 

(p = 0,02). Muške kategorije šutirale su za 3 poena s manjom razlikom centra težišta tijela u 

horizontalnom smjeru u usporedbi s šutovima za 2 poena (p < 0,001). Ulazni kut bio je veći u 

uspješnim pokušajima šutiranja u usporedbi s neuspješnim pokušajima šutiranja za 3 poena (p 

= 0,02). Brzina šutiranja bila je veća u svim kategorijama (osim košarkašica U18) pri šutiranju 

za 3 poena (p < 0,001). U istraživanju 5, u kontekstu prednje promjene smjera, rezultati su 

pokazali da su se maksimalne kutne brzine u zglobu koljena (p=0,028), zglobu šake (p=0,007) 

i maksimalne sile (p=0,004) značajno smanjile pod utjecajem umora; položaj zdjelice i 

minimalni kut u zglobu koljena bili su veći nakon opterećenja (pod utjecajem umora) u odnosu 

na stanje prije opterećenja, ali nije bilo značajne razlike. Što se tiče promjene s okretom, 

rezultati su pokazali da postoje značajne razlike u brzini zdjelice (p=0,000), maksimalnoj kutnoj 

brzini u zglobu koljena (p=0,020) i brzini prvog koraka (p=0,010); međutim, nije otkrivena 

značajna razlika u položaju zdjelice, minimalnom kutu u zglobu koljena i maksimalnoj sili. 

Važno je da se brzina vođenja lopte značajno smanjila u stanju pod utjecajem umora (p=0,002). 



  

Zaključci: Općenito, umor negativno utječe na kinematičke parametre i performanse igrača u 

osnovnim košarkaškim vještinama. Konkretno, (1) Rezultat istraživanja 1 pokazao je da umor 

utječe na kinematičke parametre i točnost dodavanja lopte jednom rukom guranjem u košarci. 

Rezultati ovog istraživanja pokazuju da igrači trebaju usvojiti ispravnu motoričku strukturu 

dodavanja kako bi se tijekom trenažnog procesa učenja stvorio automatizam. Nadalje,  treneri 

trebaju provesti što više vježbi u situacijskim uvjetima koji su slični uvjetima tijekom 

košarkaške utakmice. Kao rezultat toga, učinak dodavanja igrača u konačnici se neće 

promijeniti čak ni pod utjecajem umora. (2) Rezultati istraživanja 2 pokazali su da vrhunske 

košarkašice mogu održati učinkovitost kroz prilagodbu neuromišićnog sustava kako bi izvele 

uspješan skok kada su bile pod utjecajem umora. Nadalje, rezultati trenutne studije pokazali su 

da su se visina izbačaja i kut upada lopte značajno smanjili pod utjecajem umora. Navedeno 

sugerira da treneri u trenažni proces trebaju uključiti vježbe koje su prema razini umoru i 

izvedbi slične situacijskim uvjetima tijekom igre jer ove dvije varijable igraju važnu ulogu u 

određivanju točnosti šutiranja. (3) Glavni zaključak koji je izveden iz rezultata istraživanja 3 

bio je da umor utječe na određene promjene kinematičkih parametara skok šuta kod mladih 

igrača. Kutne brzine zglobova u donjim ekstremitetima primjetno su se povećale, dok su se 

navedeni parametri u gornjim ekstremitetima smanjili s povećanjem fizioloških opterećenja. 

Dodatno se smanjila visina izbačaja lopte. Unatoč promjenama u gore navedenim parametrima, 

radnja izvedena na lopti ostala je nepromijenjena s obzirom na to da brzina šutiranja, kao i kut 

ulaska lopte u koš, nisu pokazivali promjene. Iako se djelovanje na loptu nije promijenilo s 

biomehaničkog stajališta, smanjenje točnosti šutiranja pod utjecajem više razine umora i dalje 

sugerira da je došlo do određenih odstupanja u ukupnom obrascu izvođenja ispitivane 

motoričke sposobnosti. Stoga je potrebno da treneri osmisle odgovarajuće treninge kako bi se 

igrači oduprli utjecaju umora na izvedbu skok šutova. (4) Rezultati istraživanja 4 pokazali su 

da su košarkašice i košarkaši koristili različite tehnike šutiranja. Dodatno, igrači su šutirali s 

većom razlikom središta mase u okomitom smjeru, s većim kutom izbačaja u ramenu i s većim 

kutom ulaska lopte. Štoviše, kut ulaska lopte povećava se u svim kategorijama kada se šutira 

za 3 poena, što znači da igračima treba više vremena za šutove za 3 poena nakon primljenog 

dodavanja u odnosu na šutove za 2 poena. Stoga igrači koriste pretjerane pokrete kako bi 

optimizirali tehniku šutiranja za 3 poena. Košarkaški treneri i igrači trebali bi raditi na 

smanjenju kinematičkih razlika između šutiranja za 2 i 3 poena kako bi se povećala uspješnost 

šutiranja s većih udaljenosti. (5) Glavni zaključak koji je izveden iz studije 5 bio je da umor 

utječe na kinematiku i kinetiku košarkaškog vođenja lopte. Dodatno, brzina vođenja lopte 

značajno se smanjila kada su igrači bili pod utjecajem umora. S točke gledišta rezultata, viši 



  

položaj zdjelice, niža kutna brzina u zglobu koljena i zglobu šake, te niža sila pod utjecajem 

umora mogu dovesti do toga da igrači ne mogu uspješno iskoristiti prednost nad obrambenim 

igračem. Dodatno, smanjenje brzine vođenja lopte pod utjecajem umora dovest će do toga da 

igrači tijekom faza protunapada i tranzicije neće moći brzo proći pored obrambenog igrača, što 

posljedično dovodi do toga da gube priliku za postizanje pogotka. Stoga, rezultati ovog 

istraživanja sugeriraju da treneri trebaju osmisliti odgovarajuće treninge kako bi optimizirali 

sposobnost igrača da izdrže utjecaj umora pri vođenju lopte u realnim uvjetima igre.  

Ključne riječi: preciznost, učinkovitost, kutna brzina, brzina zdjelice, brzina lopte, ženska 

košarka, košarka u mlađim dobnim selekcijama, kinematička analiza, kinetička analiza, Xsens, 

promjena smjera, promjena s okretom, kut zgloba, centar težišta tijela, dodavanje, skok šut, 

vođenje lopte 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

THESIS OUTLINE 

The structure of the thesis is divided into four chapters.  

Chapter one introduces the research background and research purpose of this doctoral thesis. 

Chapter two provides the literature review consisting of the concepts and definitions and the 

relevant research. 

Chapter three presents the published research related to the thesis. The first study aims to 

determine if the kinematic parameters and accuracy of basketball passing changed when players 

were under the influence of fatigue. The second study aims to assess if the kinematic parameters 

and accuracy of basketball shooting changed when elite female players were under the influence 

of fatigue. The third study aims to observe if the kinematic parameters and the accuracy of 

basketball jump shot changed when young male basketball players were under the influence of 

different stages of fatigue. The fourth study aims to compare the kinematic parameters of 

basketball jump shot (separately for 2-point and 3-point shots) after receiving the ball (catch-

and-shoot situation after a cut) and ascertain the differences between the elite U16 and U18 

male and female basketball players, and between successful and unsuccessful shots. The fifth 

study aims to investigate if the kinematic parameters and the speed of basketball dribbling 

changed when players were under the influence of fatigue. 

Chapter four presents the general conclusion and discusses the strengths and limitations of the 

research, as well as provides the potential directions for future research.
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CHAPTER 1: INTRODUCTION 

Research background 

Basketball is the world's second most popular sport, with over 450 million players in 213 

countries participating on a competitive or recreational level (Ziv and Lidor, 2009). Given its 

popularity and commerciality (Drinkwater et al., 2008), the team's success is critical regardless 

of the country, the nation, the fans, or the club.  

Some previous studies have reported that the fundamental skills play an important role in 

winning the game at all levels of basketball and all players must learn to execute them properly 

and quickly to be successful (Kioumourtzoglou et al., 1998, Krause and Nelson, 2018). 

Additionally, the scientific literature relating to basketball has highlighted that the techniques 

of passing, shooting, and dribbling are the most basic and frequently used skills in basketball 

competition (Ibáñez et al., 2008, Fujii et al., 2010, Wang et al., 2009). Furthermore, these three 

technical skills have been continuously used in the NBA all-star skills challenge each season, 

implying that passing, shooting, and dribbling techniques are essential even for elite basketball 

players.  

Traditionally, the players’ techniques were subjectively evaluated by coaches’ experience. 

However, it is possible that even coaches with rich knowledge in practice can occasionally 

ignore some details in players techniques. Nowadays, with the rapid development of technology, 

there have been many studies observing players’ techniques by using kinematic analysis 

(Struzik et al., 2014, Rojas et al., 2000, Nakano et al., 2020), which may help the one in teaching, 

learning to have better understanding in the movement pattern of basketball techniques and to 

further perfect players’ techniques. Similarly, some studies have concluded that basketball 

coaches and teachers should integrate ideas from practical experience and scientific research in 

order to elicit the best training system for producing top basketball players (Knudson, 1993, 

Trninić et al., 2002).  

With respect to basketball fundamental skills, numerous studies have demonstrated the 

importance of the techniques of basketball passing, shooting, and dribbling.  

For basketball passing, researchers noticed that players are required to keep possession of the 

ball and to cooperate in order to create optimal shooting options during the offense of basketball 

competitions (García et al., 2013). García et al. further stated that teams that assist more are 

more likely to win the game. Furthermore, a study reported that reductions in turnovers (i.e., 

lost possession) increase the winning odds, particularly in games where opponents have similar 
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chances of winning (Gómez et al., 2015). Another study highlighted that the passing technique 

is the main distinguishing factor between starters and non-starters in elite competitions. 

Therefore, players’ performance and season-long success in basketball are particularly based 

on passing skills (Gòmez et al., 2009).  

For basketball shooting, many studies have proved that shooting is the main and most effective 

means of scoring in basketball games, and it has previously been recognized as the most 

frequently used and the most important technique in the competitions (Denisa Zambová, 2012, 

Boddington et al., 2019). In the study of game-related statistics, it was identified that 

particularly effective field goals (together with defensive rebounds, free throw percentages, and 

assists) were attributed to win/loss in elite basketball competitions (Angel Gómez et al., 2008, 

Ibáñez et al., 2009, Lorenzo et al., 2010). Particularly, the importance of jump shot was 

highlighted frequently according to the literature regarding basketball shooting (Knudson, 1993, 

Zwierko et al., 2018, Boddington et al., 2019). Previous studies mentioned that there are 

different types of scoring during a basketball game, while jump shot has been reported to be the 

most common and efficient shooting technique (Knudson, 1993, Zwierko et al., 2018), 

accounting for more than 60% of field goal attempts in the Women’s National basketball 

Association (WNBA) in the 2010 season (Oudejans et al., 2012) and 67% of field goal attempts 

in the National Basketball Association (NBA) 2014 season (Boddington et al., 2019). As a 

proposal based on the above, coaches and basketball teachers should place a greater emphasis 

on jump shots during training sessions.  

For basketball dribbling, according to game statistics, semi-professional players spend 9–11 

percent of their playing time in dribbling during a basketball game (Scanlan et al., 2015) and 

dribbling to maintain ball control is essential during later periods of a professional game 

(Scanlan et al., 2015). In set offense, a player with proficient dribbling technique is able to 

break the opponent’s intensive defense (e.g., crossover, penetration, and spin move), which 

creates free space to pass the ball to his teammates following an open shot (Arias-Estero, 2013, 

Arias et al., 2012). Additionally, it has been previously observed that fast break (Christmann et 

al., 2018, Evangelos et al., 2005, Conte et al., 2017, Matulaitis and Bietkis, 2021) and transition 

(i.e., from defense to offense) (Milanović et al., 2014, Matulaitis and Bietkis, 2021) are most 

efficient for scoring, which requires high-speed dribbling to provide an advantage over the 

defender while driving to the basket (Conte et al., 2017). Moreover, Conte et al. pointed out 

that the proper technique of passing and dribbling reduces the number of turnovers (Conte et 

al., 2016) and induces more assists (Arias et al., 2012). As a result, it can be concluded that the 

effective dribbling technique plays an important role in determining the outcome of a game. 
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According to the scientific literature, basketball is distinguished by high intermittent sports, 

such as sprints, shuffles, jumps (Meckel et al., 2009, Caprino et al., 2012), which demands both 

aerobic and anaerobic capacities (McInnes et al., 1995). Previous studies using time-motion 

analysis have demonstrated that players cover about 4500–5000 m during a game (Taylor, 

2003), sprint every 21 s on average and make about 100 high intensity actions of short duration 

(e.g., jumping or sprinting) for about 34% of the game time (Narazaki et al., 2009). Additionally, 

at the elite level, researchers have identified intermittent high-intensity exercise as predominant 

to basketball competition (Pate, 2000, Trninic et al., 2001). Therefore, although elite players 

have highly developed skills, their performance may be impaired when they are under the 

influence of fatigue. As a result, fatigue becomes an unavoidable part of the game, affecting a 

player's performance, coordination, and skills (Forestier and Nougier, 1998). Similarly, 

previous studies have shown that fatigue is known to negatively affect technical skills, and thus 

the ability to maintain the required high-intensity activities for the entire duration of the game 

is a crucial determinant of performance in basketball. (Castagna et al., 2007, Erculj and Supej, 

2009). 

Research gap 

As explained earlier, it is possible that even coaches with rich knowledge in practice can 

occasionally ignore some details in the players’ techniques. Therefore, an objective method is 

needed to evaluate players’ skills and further optimize their techniques. On the other hand, 

basketball is a high-intensity team sport which may impair players’ fundamental skills when 

they are under the influence of fatigue. Therefore, it is necessary to assess the differences in 

players’ performance between fatigue and non-fatigue condition.  

With the development of technology, coaches and basketball teachers can use kinematic 

analysis to compare the kinematic differences in players' skills between fatigue and non-fatigue 

condition, which could help coaches design appropriate training sessions to minimize the 

influence of fatigue and to further improve players' fundamental skills. Furthermore, it can also 

help coaches in selecting top-level players. However, according to the literature, little is known 

about the influence of fatigue on kinematic parameters in basketball fundamental skills. 

Specifically, for study 1, there were only a few studies investigating the difference of players’ 

passing accuracy between fatigue and non-fatigue condition (Ahmed, 2013, Lyons et al., 2006). 

However, these studies mainly focused on passing accuracy or ability, while no kinematic 

parameters were observed. Thereby, certain movement patterns of passing in different 
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conditions remain mostly unexplored. According to Theoharopoulos et al, chest pass, overhead 

pass, and push pass were most commonly used in basketball games, with the latter having 

importance when the players face defense pressure (Theoharopoulos et al., 2010). In light of 

this, push passing was selected as the research object in study 1. 

For study 2, numerous studies have examined basketball jump shots using kinematic analysis. 

However, little is known about the influence of fatigue on kinematic parameters of jump shots 

regarding female basketball players. It is therefore essential to add some new knowledge to this 

area. Additionally, another novelty of study 2 was that the shooting machine was used to 

standardize each pass, which ultimately allowed for the exclusion of negative external factors 

(inaccurate passes) on the performance of the jump shot technique. 

For study 3, unlike the aforementioned studies which have observed basketball jump shot using 

kinematic analysis, this study additionally investigates the influence of progressive 

physiological loads (i.e., different fatigue stages) on kinematic parameters in junior basketball 

players. 

For study 4, scientific literature assessing the kinematic and physical parameters of a jump shot 

presents only shots taken without any action before shooting (dribbling or cutting—no pull-up 

jumps shots or catch-and-shoot jump shots). Measuring kinematic and physical parameters of 

a jump shot that are more similar to real game conditions is absent (e.g., catch-and-shoot 

situation after a cut). Moreover, comparing these parameters between gender is even less 

studied, having in mind the differences between males and females in physical performance. 

Another novelty and uniqueness of study 4 is in the documented kinematic parameters of the 

jump shot after making a cut and receiving the ball.  

For study 5, there is little research involving basketball dribbling from the literature review. 

Most previous studies only focused on assessing players’ speed of dribbling or the level of 

dribbling by experts’ evaluation. To the best of our knowledge, there is no research 

investigating the effect of fatigue on kinematic parameters regarding basketball dribbling.  

Research aims and questions  

As explained in the introduction, it is clear that previous studies show little knowledge about 

the influence of fatigue on the kinematic parameters regarding basketball passing, shooting, and 

dribbling. Based on this background, the main aim of the doctoral thesis is fivefold: 

1) to determine if the kinematic parameters of basketball passing change when players are 

under the influence of fatigue as well as to identify if the fatigue affects the passing accuracy.  
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2) to examine if the kinematic parameters of basketball shooting in female players change 

when they are under the influence of fatigue as well as to investigate if the fatigue affects 

shooting accuracy. 

3) to determine if the kinematic parameters of basketball jump shot in young male players 

change when they are under the influence of different fatigue stages as well as to assess if 

the different fatigue stages affect the shooting accuracy. 

4) to compare the kinematic parameters of basketball jump shot (separately for 2-point and 3-

point shots) after receiving the ball (catch-and-shoot situation after a cut) and ascertain the 

differences between the elite U16 and U18 male and female basketball players, and between 

successful and unsuccessful shots. 

5) to assess if the kinematic parameters of basketball dribbling change when players are under 

the influence of fatigue as well as to determine if the fatigue affects the dribbling speed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 6 

List of research studies 

 

To answer the aforementioned questions, this doctoral thesis includes five studies that have 

been published: 

1. Li, F., Knjaz, D., & Rupčić, T. (2021). Influence of Fatigue on Some Kinematic Parameters 

of Basketball Passing. International Journal of Environmental Research and Public Health, 

18(2), 700. DOI: 10.3390/ijerph18020700 

2. Li, F., Li, Z., Borović I., Rupčić, T., & Knjaz, D. (2021). Does Fatigue Affect the Kinematics 

of Shooting in Female Basketball? International Journal of Performance Analysis in Sport, 

21(5), 754-766. DOI: 10.1080/24748668.2021.1945878 

3. Rupčić, T., Li, F., Matković, B. R., Knjaz, D., Dukarić, V., Baković, M., Matković, A., 

Svoboda, I., Vavaček, M., & Garafolić, H. (2020). The Impact of Progressive Physiological 

Loads on Angular Velocities during Shooting in Basketball-Case Study. Acta Kinesiologica, 

14(2), 102–109. 

4. Vencúrik, T., Knjaz, D., Rupčić, T., Sporiš, G., & Li, F. Kinematic Analysis of 2-Point and 

3-Point Jump Shot of Elite Young Male and Female Basketball Players. International Journal 

of Environmental Research and Public Health, 2021, 18, 934. DOI: 10.3390/ijerph18030934 

5. Li, F., Rupčić, T., & Knjaz, D. (2021). The Effect of Fatigue on Kinematics and Kinetics in 

Basketball Dribbling with Changes of Direction. Kinesiology, 53(2), 296-308. DOI: 

10.26582/k.53.2.12 

 

 

 

 

 

 



 7 

CHAPTER 2: LITERATURE REVIEW 

Basketball fundamental skills 

The concept and definition 

The fundamental skill is the ability that is necessary in order to perform a task or understand an 

idea because it is a foundation for other skills or ideas. It is also defined as a basic ability usually 

considered necessary for competent functioning in society (Dictionary, 2021) 

The fundamental skill in basketball is classified as different elements from different articles, 

such as passing, shooting, dribbling, rebounding, footwork, blocking, and screening. Cooper 

and Siedentop noticed in their book that it is a moot point as to what is the rank or order of 

importance of the various categories of fundamentals. However, dribbling is most likely the 

first skill that should be learned. The reason is because offensive skill is more difficult to learn 

than defensive skills and take a great deal longer to perfect. They further reported that passing 

and shooting should be learned next and may be the best learned together. Moreover, the authors 

concluded that offensive basketball is based upon the player being able to dribble, pass, and 

shoot at the basket and these three main offensive skills must be learned properly (Cooper John 

Miller, 1975). According to the literature, passing, shooting, and dribbling are, when compared 

to others, also mainly considered the most important fundamental skills. (Rose, 2012, Maimón 

et al., 2020, Montesano et al., 2013, Li et al., 2021, Arias-Estero, 2013). Considering the 

importance of passing, shooting, and dribbling in basketball fundamentals, therefore, these 

three techniques were investigated in this doctoral thesis. 
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Basketball passing 

The concept and definition  

In basketball, passing is a technique for passing the ball from one player to another and it is the 

fastest way to move the ball around the court. (Road, 2021). Another study defined passing as 

the act of throwing a basketball from one player to another and it refers to the purposeful 

movement of the ball to, between or among teammates (Cooper John Miller, 1975). Authors 

further stated the ball may be thrown from as short a distance as the hand-off and as far a 

distance as the full-court length pass, yet the central purpose of passing remains the same. It is 

to transfer possession of the ball to, between or among teammates (Cooper John Miller, 1975). 

Furthermore, Trninić defined passing skills as the fundamental ability to choose and execute 

(from the spot or moving) well-timed and accurate passes to an open teammate to create a good 

scoring opportunity (Trninić, 2000). 

Types of passing 

There are a number of different types of passing. World-famous basketball coach John Wooden 

categorized passing into following types according to importance: main categories - strait pass, 

bounce pass, lob pass, and subcategories - handoff, push pass, overhead pass, shoulder pass, 

hip pass, baseball pass, hook pass, tip pass, roll pass, behind-the-back pass, and post-man passes 

(Wooden, 1966). Unlike Wooden, Wissel stated, in his book “Basketball steps to success”, that 

the basic passes include chest pass, bounce pass, overhead pass, push pass, baseball pass, and 

behind-the back pass (Wissel, 1994). According to literature, different coaches and scholars 

categorized passing into different types based on the importance. 

The role of passing in basketball 

Coach John R. Wooden mentioned in his book “Practice Modern Basketball” that “passing is 

the most important part of all the individual offensive fundamentals. Some will say that 

shooting is the most important, but I consider shooting as a pass to the basket. Without passing, 

there would not be very many good shots as a great percentage of the good shots are set up by 

a succession of passes (Wooden, 1966).” 

In the literature there are many examples in literature of stating the importance of passing in 

basketball (Ibáñez et al., 2008, Knjaz, 2000). For instance, Sergio J et al. investigated the game-

related statistics in terms of team season-long success, reporting that passing is one of the most 
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frequently used techniques during a competitive game (Ibáñez et al., 2008). Furthermore, 

Sampaio et al. observed the differences in game performances between all-star and non-all-star 

basketball players from the National Basketball Association and they highlighted that passing 

technique is even the optimal factor to determine all-star and non-all-star NBA players 

(Sampaio et al., 2015). Moreover, studies showed that teams that assist more are more likely to 

win the game and players are required to keep possession of the ball to create optimal shooting 

options during the offense (García et al., 2013, Gómez et al., 2015). In summary, passing is an 

indispensable technique in basketball. 

Relevant literature 

More attention has been focused on the provision of basketball passing in recent years. Maimón 

et al. investigated a system review regarding basketball passing and they categorized previous 

studies relating to passing into five areas: performance analysis, biomechanics, physical 

conditioning, mental factors, and motor skills. Authors further concluded that research related 

to game situations were match, analytical situations, and small sided games. Moreover, the bulk 

of research examined on male samples or both sexes, with only three focusing solely on female 

outcomes (Maimón et al., 2020). To date, there is more passing research focusing on the 

technical learning (Kazem et al., 2021, Dania et al., 2020, Calábria-Lopes et al., 2019), technical 

evaluation (Sufyandi et al., 2019, Quílez-Maimón et al., 2021, Zhang and Zhang, 2018), 

reliability and validity of testing protocols (Conte et al., 2019, Aryanto et al., 2020). However, 

although extensive research has been done on basketball passing, little is known about the in 

fluence of fatigue on kinematic parameters regarding passing.  
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Basketball shooting 

The concept and definition 

Cooper and Siedentop stated in the book “The Theory and Science of Basketball” that shooting 

may be defined as the act of propelling the ball toward the goal in a type of throwing motion 

with the use of one or two hands. They further mentioned that shooting is the most important 

and most difficult skill to master in the game of basketball (Cooper John Miller, 1975). 

Types of shooting 

It has been previously suggested by various research that there are many types of shooting. John 

R. Wooden categorizes shooting into five main categories that are set shot, jump shot, under 

the basket or close-in shots, offensive rebounding and tipping, and free throws. He further 

classified set shot into two-handed set shot from chest, two-handed set for overhead, and one-

handed set. Furthermore, he categorizes under the basket or close-in shots into ordinary layup, 

close-in shot following quick stop, short hook, lay-back, and reach back (Wooden, 1966). 

Unlike Wooden, Cooper and Siedentop classified shooting as set shot, hook shot, jump shot, 

layup (Cooper John Miller, 1975). Although different researchers divided shooting into 

different types, jump shots are defined by all studies as the most commonly used and most 

effective skills regarding shooting technique according to the literature.  

The role of shooting in basketball 

John R. Wooden noticed that “regardless of how well you do everything else, if you cannot put 

the ball through the hoop, you are not going to win games against the teams that can” (Wooden, 

1966). Additionally, Wissel in his book presented that the initial skill players must develop is 

an accurate shot, which forces a defender to play the offense tight and allows the ball holder to 

pass and dribble as well as shoot easily (Wissel, 1994). In basketball, the fundamental skills of 

passing, dribbling is used during the game for open shooting that directly make a score. As a 

result, shooting plays an important role directly influencing the team's success. When it comes 

to shooting, the jump shot has been previously proved as the most efficient and important 

shooting technique. Studies have reported that jump shot accounts for more than 60% of field 

goal attempts in the Women’s National basketball Association (WNBA) in the 2010 season 

(Oudejans et al., 2012) and 67% of field goal attempts in the National Basketball Association 

(NBA) 2014 season (Boddington et al., 2019). The aforementioned game statistics is in line 
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with Wooden’s perspective showing that it is advisable that a high percentage of the shooting 

practice should be spent on the development and improvement of the jump shot (Wooden, 1966). 

Relevant literature 

Given the importance of shooting in offence, it has prompted researchers to explore factors 

associated with its successful performance. Okazaki et al. in their review article investigated 

movement variables that contribute to shooting success (Okazaki and Rodacki, 2012). The 

review article demonstrated that a player's ability to make a successful jump shot gives him the 

following scoring advantages: (a) accuracy, (b) speed, (c) defense against an opponent, and (d) 

the ability to release the ball from a variety of distances away from the basket. Furthermore, 

Okazaki et al. reported several factors that influence shooting performance under a variety of 

conditions. They concluded that the following segmental movement variables are connected 

with greater release height: (a) reduced backward inclination of the trunk, (b) greater shoulder 

flexion and elbow extension at release, and (c) synchronizing ball release with the peak of the 

jump. Other factors influencing the performance of expert basketball jump shots include: (a) 

aligning the trunk close to vertical at release, (b) aligning the shoulder, elbow, and wrist in the 

same plane of motion, (c) releasing the ball at the highest point of the jump, (d) reducing 

horizontal displacement of the center of gravity during the shooting motion, (e) increasing 

movement time used by the shooter to select the control parameters used in the shooting motion, 

(e) keeping the ball close to the body during the preparation phase, and (f) generating less 

velocity by the lower limbs, upper limbs, and trunk to release the ball. Another review article 

investigated the jump performance in youth basketball. Authors reported that jump shot 

performance of youth basketball players is influenced by (a) distance to the basket, (b) fatigue, 

(c) presence of a defender and (d) visual information available. They further highlighted the 

importance of players and coaches optimizing training sessions that are similar to the real game 

situation in order to improve successful shooting performance in young basketball players 

(França et al., 2021). By searching from database, to date, the articles focusing on basketball 

shooting mainly related to technique evaluation (Zwierko et al., 2018, Pojskic et al., 2018, 

Verhoeven and Newell, 2016), biomechanics (Lam et al., 2009, Vencúrik et al., 2021, Okubo 

and Hubbard, 2015, Rojas et al., 2000, Li et al., 2021), factors influencing on shooting accuracy 

(Okazaki and Rodacki, 2012, Podmenik et al., 2012, Rupčić et al., 2020, Erculj and Supej, 

2009), training effect on accuracy (Delextrat and Martinez, 2014, Chen et al., 2018, Bogdanis 

et al., 2007), learning methods (Porter et al., 2020, Chase et al., 1994, Arias, 2012, Silva et al., 
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2017). However, although extensive research has been carried out on basketball shooting, little 

is known about the influence of fatigue on kinematics regarding female basketball players. 

Additionally, little is known about the influence of progressive physiological loads on 

kinematic parameters in junior basketball players. Furthermore, scientific literature assessing 

the kinematic and physical parameters of a jump shot presents only shots taken without any 

action before shooting (dribbling or cutting—no pull-up jump shots or catch-and-shoot jump 

shots). Measuring kinematic and physical parameters of a jump shot that are more similar to 

real game conditions is absent (e.g., catch-and-shoot situation after a cut). Moreover, comparing 

these parameters between gender is even less studied, having in mind the differences between 

males and females in physical performance.  
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Basketball dribbling 

The concept and definition 

Dribbling refers to the usually oft repeated, one-handed bouncing of the ball against the floor 

done by an offensive player. It is one of the many fundamental basketball skills that a player 

must master (Cooper John Miller, 1975). Additionally, Lehane defined dribbling as a technique 

used to advance in the court (towards the adversary court) possessing the ball by running and 

repeatedly bouncing the ball on the floor with one hand (Lehane, 1981). When the player wants 

to move rapidly on the court, with no defender between him and the basket, the speed dribble 

is used (Lehane, 1981, Summit PH, 1996)  

Types of dribbling 

Likewise, different basketball coaches and researchers divided dribbling into different elements. 

Wissel categorizes dribbling into nine main categories that are control dribble, speed dribble, 

foot fire dribble, change-of-pace dribble, retreat dribble, crossover dribble, inside-out dribble, 

reverse dribble, and behind back dribble (Wissel, 1994). John R. Wooden classified dribbling 

into low or control dribble, high or speed dribble, cross-over dribble, behind the back dribble, 

off-hand dribble (Wooden, 1966). Cooper John Miller in his book stated that the types of the 

dribbling are crossover dribble, single reverse dribble, spin dribble, behind the back dribble 

(Cooper John Miller, 1975). Unlike aforementioned studies, Krause & Nelson divided dribbling 

into in place, in a straight line, change-of-pace, and change of direction (Krause and Nelson, 

2018). 

The role of dribbling in basketball 

Previous research reported that correct dribbling technique allows for more effective dribbling 

direction changes and reduces the number of turnovers (Conte et al., 2016, Andrić, 2011, 

Trninić et al., 2010), which benefit in acquiring an advantage during offensive actions (Arias-

Estero, 2013). On the other hand, authors stated that an increasing number of errors increases 

the odds of defeat, while improved technique of dribbling reduces the number of errors, which 

leads to assists and the scoring of points (Ángel et al., 2006, Csataljay et al., 2009, Ibáñez et al., 

2008). Additionally, Cooper and Siedentop in their book noticed that dribbling is considered 

by many not to be the most important offensive skill, but it should, perhaps, be the first skill 

that the young player learns to do (Cooper John Miller, 1975). If a player is unable to dribble 
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adequately, he will not be able to be offensively as effective as he could be. Furthermore, 

dribbling is employed in advancing the ball into the offensive court, in executing offensive 

maneuvers, in driving to the basket, in stalling, in fast breaking, and in almost all offensive 

situations that a player might encounter during a game. Thus, dribbling is significant in its direct 

contribution to offensive play (Cooper John Miller, 1975).  

Relevant literature 

Given the importance of the dribbling technique, various aspects have been investigated by 

previous studies (Robalo et al., 2020, Guimarães et al., 2019, Dos Santos et al., 2020). In the 

past, research relating to basketball dribbling mainly focused on four areas: game-related 

statistics (Scanlan et al., 2011, Scanlan et al., 2015, Andrić, 2011), technique improvement 

(Fujii et al., 2010), technique diagnosis (Robalo et al., 2020, Conte et al., 2020, Jakovljević et 

al., 2017), and the effect of supplement on dribbling performance (Scanlan et al., 2019). A 

number of studies investigated the frequency and efficiency of dribbling according to game-

related statistics, reporting that dribbling skills are constantly used during basketball games 

with elite players dribbling during ~10% of the live time (Scanlan et al., 2011, Scanlan et al., 

2015, Andrić, 2011). In terms of technique improvement, for example, Fujii et al. observed the 

differences of running velocity and trunk rotation during running while dribbling between 

competitive basketball players and non-professional players. They reported that basketball 

players rotated their shoulders significantly more while dribbling than running, suggesting 

basketball players’ greater shoulder rotation during dribbling helps in decreasing their sprinting 

velocity (Fujii et al., 2010). In terms of technique diagnosis, many studies conduct testing to 

diagnose players’ dribbling technique (Robalo et al., 2020, Conte et al., 2020, Jakovljević et al., 

2017). For instance, Robalo et al. analyzed how professional and amateur players were affected 

by perceptual impairment within a dribbling task. The result demonstrated that when 

participants downwards peripheral vision was affected, professionals had much lower 

variability in wrist movements but significantly increased variability in shoulder horizontal 

movements (anterior-posterior and lateral), as well as lateral elbow motions (Robalo et al., 

2020). There were a few studies investigating the effect of supplementary supply on dribbling 

performance. For example, Scanlan et al. investigated the effect of caffeine supplementation on 

dribbling speed in elite basketball players, reporting that caffeine has no ergogenic benefit to 

elite basketball players’ dribbling speed. Their results even presented negative response to 

caffeine in one athlete, suggesting that caffeine supplementation may be deleterious to dribbling 
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speed in specific situations, emphasizing the importance of individualized investigations in 

nutrition-based sport-science research (Scanlan et al., 2019). Although previous studies have 

been carried out on basketball dribbling, the literature revealed few studies detecting the 

influence of fatigue on basketball dribbling.  
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Fatigue 

The concept and definition 

Fatigue can refer to a subjective symptom of malaise and aversion to activity or to objectively 

impaired performance and it has both physical and mental aspects. (Sharpe and Wilks, 2002). 

Enoka and Duchateau stated that fatigue is a disabling symptom in which physical and cognitive 

function is limited by interactions between performance fatigability and perceived fatigability. 

As a symptom, fatigue can only be measured by self-report, quantified as either a trait 

characteristic or a state variable (Enoka and Duchateau, 2016). Another study relating to sports 

noticed that fatigue can be defined as the reeducation in muscular capacity to generate force 

(Zagatto et al., 2017). To date, various studies have assessed the effect of fatigue on athletes’ 

performance (Reilly et al., 2008, Peralta-Geis et al., 2021, Davey et al., 2002, Thorlund et al., 

2008). Specific to this doctoral thesis, the details of the role of fatigue on basketball players’ 

performance are presented below. 

The role of fatigue in basketball players’ performance 

Studies related to game statistics reported that a basketball game lasts about 75 minutes and 

covers a total distance of 6.4 to 7.6 km, with 1.7 km, 1.6 km, and 2.5 km of high, moderate, and 

low intensity activities, respectively (Seitz et al., 2014, Ben Abdelkrim et al., 2010). Authors 

further stated that players sprint every 21 seconds on average and perform roughly 100 high-

intensity, short-duration movements (e.g., jumping or sprinting) for about 34% of the game 

time (Narazaki et al., 2009).  

Many studies have investigated the influence of fatigue on players’ performance. Enoka 

reported that one factor that may interfere with the performance of a motor task is fatigue 

(Enoka, 1995). Another study stated that fatigue is known to negatively affect technical skills, 

and thus the ability to maintain the required high-intensity activities for the entire duration of 

the match is a crucial determinant of performance in basketball and other intermittent sports 

(Castagna et al., 2007, Erculj and Supej, 2009). Similarly, some studies observed the effect of 

different physiological load on shooting performance, reporting that the shooting accuracy 

significantly decreased when the physiological load was progressing (Rupčić et al., 2020, Erculj 

and Supej, 2009). Likewise, researchers investigated the influence of fatigue on basketball 

passing, showing that the passing accuracy decreased in fatigue condition compared to non-

fatigue condition (Li et al., 2021, Lyons et al., 2006). Consequently, authors recommended that 
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it is specifically important that players are required to maintain a high level of technique under 

the influence of fatigue in order to win a game (Conte et al., 2017). 

The relevant literature in basketball  

To date, according to literature, the research relating to fatigue in basketball mainly focused on 

several areas that are monitoring the physiological load during the practice and game (Edwards 

et al., 2018, Clemente et al., 2019, Bonfanti and Lorenzo, 2015), the influence of fatigue on 

players’ performance (Alarcon et al., 2017, Rashid et al., 2020, Lyons et al., 2006), the recovery 

strategy after training or game (Wang, 2015, Montgomery et al., 2008, Kaesaman and 

Eungpinichpong, 2019, Madueno et al., 2018). For instance, Stojanović investigated the 

physiological demands of basketball competitions with a system review, reporting that during 

live playing time across 40-minute games, female and male players covered an average distance 

of 5–6 km (Stojanović et al., 2018). Physiological traits such as blood lactate and heart rate 

responses to competition demands reveal that athletes are competing at an average 

physiological intensity above lactate threshold and 85% maximum heart rate (Stojanović et al., 

2018). Madueno et al. observed the difference between passive and active recovery strategy for 

reduced fatigue in terms of repeated-change-of-direction sprints in basketball players, 

demonstrating that the passive recovery involving repeated-change-of-direction sprints may 

reduce physiological stress and fatigue in basketball players when compared to active recovery 

(Madueno et al., 2018). 
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Kinematic parameter 

The concept and definition 

Kinematic parameters represent the time-dependent geometric changes associated with 

movement, independent of the forces that cause movement (Elvan and Ozyurek, 2020). Another 

study demonstrated that kinematics describes the movement of body segments neglecting the 

masses (Raghu et al., 2021). Additionally, they stated kinematic parameters can be a 

combination of linear and angular components (position, linear velocity, and linear acceleration; 

orientation, angular velocity, and angular acceleration).  

In order to further understand its concept, authors stated that kinematics research investigates 

the change of body position through time as joints, bones, and segments in the characterization 

of human movements (Patrona et al., 2018). Movement changes can be identified in the segment 

or in a segment apart from the segment connected to the overall evaluation of the body (Raghu 

et al., 2021). When evaluating the kinematic data, it is possible to believe that the movement of 

the associated segment has risen or reduced, or that there are early or late joint movement angles 

in a given movement pattern. Additionally, kinematics is uninvolved in the magnitude of force 

necessary for these motions, or the amount of force generated during these movements 

(Dicharry, 2010). Authors further stated that kinematics is the branch of classical mechanics 

that describes the motion of points, objects, and systems of groups of objects without 

considering the mass of each or the forces that caused the motion. However, from kinesiological 

perspective, kinematics is explored as the motions of human body properties (Elvan and 

Ozyurek, 2020). On the other hand, some studies stated that kinematics is a further subdivision 

of biomechanics (Hall, 2015, Nordin and Frankel, 2001, Neumann, 2016). Kinematics can be 

seen as the cinematic of a movement, or as the similarity between the words and it is concerned 

with the appearance of a body's motion. Timing and sequencing are two aspects of movement 

in which kinematics is engaged (Hall, 2015, Nordin and Frankel, 2001, Neumann, 2016). When 

it comes to biomechanics, it is a way of understanding how internal and external forces interact 

with human body structures using physical rules and it relates mechanics disciplines such as 

statics, dynamic, solid, and fluid mechanics to the human body (McGinnis, 2013).  
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The role of kinematic analysis in basketball 

Kinematic analysis of movement involves the measurement of position, velocity, and 

acceleration of one or more body parts (Singer et al., 2016). It is used to determine the time 

course of changes in position and orientation of body segments, as well as the geometry of 

motion in terms of displacements, velocities, and accelerations, without considering the kinetics 

of motion generation (Arslan et al., 2019). Previous studies have reported that kinematic 

analysis may be conducted on fundamental movements or sport-specific tasks to identify the 

differences of movement parameters and identify injury risks (Pappas and Carpes, 2012, 

Zifchock et al., 2008, Gundersen et al., 1989). Furthermore, Hu et al. and Arslan et al. stated 

that kinematic analysis enables research to quantitatively evaluate, identify, and interpret the 

movement, as well as to identify sports injury risks in a reliable and quantitative manner (Arslan 

et al., 2019, Hu et al., 2020). 

The relevant literature in basketball fundamental skills 

With the development of technology, more and more advanced equipment is used to evaluate 

basketball players’ technique (e.g., 3D motions capture system, smart sensor ball, witty timing 

system). According to literature, kinematic analysis regarding basketball fundamental skills 

was mainly applied in shooting (Miller and Bartlett, 1993, Rupčić et al., 2020, Li et al., 2021). 

For example, Miller and Bartlett investigated the kinematic parameters of basketball shooting 

performed from different distances, reporting that the kinematics of the joints in the player’s 

shooting arm and the body center-of-mass were the parameters that primarily affect the shooting 

distance. They further stated that greater shoulder flexion, elbow extension angular velocities 

and center-of-mass speed increased the release speed at all shooting distances (Miller and 

Bartlett, 1993). Additionally, a study observed the effect of increased shooting distance (free 

throw, perimeter, and three points shots) on energy flow in basketball jump shot, showing that 

the joint work was not significantly different for free throw and perimeter shots. However, the 

amount of energy transferred from the torso to the shooting arm by the shoulder joint force 

increased significantly for the perimeter shots. Furthermore, it was found that the joint work in 

the lower limbs increased significantly between the perimeter and three points shots (Nakano 

et al., 2020). Therefore, they concluded that sufficient energy transfer from the lower limbs to 

the upper arms is required to keep the shooting arms' motions nearly constant when shooting 

from varying distances. Moreover, some studies noticed that greater ball release velocity 

(Satern, 1993, Miller and Bartlett, 1993), greater shoulder flexion, greater elbow extension, and 
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increased center of mass displacement towards the basket were considered as compensatory 

strategies when shooting distance was increased (Okazaki and Rodacki, 2012). On the other 

hand, there are some studies investigating the influence of fatigue on shooting performance 

using kinematic analysis. Erculj and Supej observed the influence of fatigue on kinematic 

parameters in shooting, revealing that the position of the release arm and shoulder statistically 

significant changed when players were under the moderate and high-intensity fatigue level 

(Erculj and Supej, 2009). Unlike Erculj and Supej, Uygur et al. investigate the influence of 

fatigue on kinematic parameters in free throw shooting, showing that fatigue did not affect 

selected kinematic variables in free throw shooting (Uygur et al., 2010). As previously stated, 

many research has been conducted to investigate shooting technique using kinematic analysis. 

However, little research has been conducted on basketball passing and dribbling adopting 

kinematic analysis according to literature. 
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CHAPTER 3: ORIGINAL STUDIES 

Study 1: Influence of Fatigue on Some Kinematic Parameters of Basketball Passing  
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1. Introduction 

The fundamental skills are the foundation for success at all levels of basketball, and all players 

must learn to execute them properly and quickly in order to be successful [1,2]. In basketball, 

passing is one of the most frequently used techniques during a competitive game [3,4]. There 

was a study reporting that passing technique is even the optimal factor to determine all-star and 

non-all-star NBA players [5]. During the offense, players are required to keep possession of the 

ball and cooperate to create optimal shooting options. Teams that assist more are more likely 

to win the game [6]. On the other hand, reducing the number of turnovers (i.e., lost possession 

of the ball) increases the chances of winning, especially in games where opponents have similar 

chances of winning [7]. Another aspect stated that players can have at least 50% efficiency in 

shooting but must have 100% in passing the ball [8]. 

Therefore, given the importance of passing in basketball skills, coaches should be persistent in 

developing passing skill. 

From a physiological point of view, basketball is an intermittent sport that involves both 

intensive brief movements (e.g., jumping, sliding, and sprinting) and less intensive long-lasting 

activities (e.g., walking and running). Thus, the players’ physiological demands of a basketball 

game, which require both aerobic and anaerobic energy systems, are claimed to be high [9]. 

Some studies found that the blood lactate levels, mean heart rates, and VO2 max of the players 

during a competitive game were close to their maximal values [10–12]. 

Fatigue becomes an unavoidable part of the game that may deteriorate performance, 

coordination, and the players’ technique [13]. Some players have highly developed skills, but 

their quality of performance can be impaired under the influence of fatigue, which will 

consequently impair their efficiency in the game. The changes of kinematic parameters under 

the influence of fatigue in basketball (e.g., trajectory of ball flight, joint angles in upper and 

lower extremity, and center of mass) have generally been investigated when shooting, where 

authors proved that fatigue can affect changes in some kinematic parameters when shooting 

from different playing positions [14–16]. 

On the other hand, there are only a few studies that investigated the change of passing accuracy 

under fatigue [17,18]. However, these studies mainly focused on passing accuracy or ability, 

while no kinematic parameters were observed. Thereby, certain movement patterns of passing 

in different conditions still remain mostly unexplored. 

The kinematic analysis represents an objective method to observe basketball players’ passing 

skills [19], which can provide a scientific explanation for mistakes in passing performance, 
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especially under fatigue. In a study by Theoharopoulos et al [20], chest pass, overhead, and 

push pass were the most commonly used in basketball games, with the latter having importance 

when the players face defense pressure. However, there is no research focusing on the push 

passing in terms of passing accuracy and kinematic analysis under fatigue. Therefore, the aim 

of this study is twofold: (i) to examine whether the kinematic parameters of push passing 

changed when a player is under the influence of fatigue; (ii) to identify if the fatigue affects the 

passing accuracy. It was hypothesized that the kinematic parameters would be changed, and the 

passing accuracy would be decreased when a player is under the influence of fatigue. 

 

2. Materials and Methods 

2.1. Participants 

The sample consisted of 11 Croatian basketball players (age: 18.36 ± 0.67 years; height: 192.32 

± 9.98 cm; weight: 83.35 ± 11.19 kg; body fat: 15.00 ± 4.40 %, arm span: 194.34 ± 10.39 cm) 

who are members of the Croatian youth national program. Players had no health nor injury 

issues. In order to avoid the interference of fatigue on testing, players were asked to restrain 

from training sessions one day before testing. All participants were provided with a detailed 

explanation of the study procedures and gave written informed consent prior to the measuring 

procedure. The Faculty of Kinesiology, University of Zagreb (Croatia) Ethics Committee 

approved the study, which was performed following the ethical standards of the Declaration of 

Helsinki. 

2.2. Experimental Procedures 

Each player was tested in one day, but the overall testing was conducted during three days in 

the following manner: three players were tested on the first day, and the other eight participants 

were tested on the following two days (i.e., four players on each day). All players underwent 

the same protocol: before testing, they had one day of rest, while the testing performed the next 

day consisted of warm up, non-fatigue passing testing, fatigue protocol, and fatigue passing 

testing. Basic anthropometric characteristics were measured on each day of the testing and used 

for system calibration performed according to the instruction of the manufacturer (Xsens 

technologies B.V., Netherlands). In order to identify the level of players’ fatigue, their Heart 

Rate (HR) and Blood Lactate (BL) were measured by heart rate sensors (Polar H10, 

manufacturer: Polar, Kempele, Finland) and a portable lactate analyzer (Lactate Scout 3, 

manufacturer: SensLab GmbH, Leipzig, Germany) respectively before starting the test. In 

addition, the participants’ HR and BL were measured once more immediately after conducting 
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the fatigue protocol. Then, the same passing test was conducted again in order to observe the 

change of passing accuracy and kinematic parameters under the influence of fatigue. 

The following variables were observed: pelvis position from the point the player caught the ball 

until release (PELVIS_P) (cm); pelvis velocity in X-axis from the point the player caught the 

ball until release (PELVIS_Xaxis) (m/s); pelvis velocity in Y-axis from the point the player 

caught the ball until release (PELVIS_Yaxis) (m/s); maximum angular velocities in shoulder 

from the point the player started to pass the ball until release (SHOULDER_AVmax) (◦/s), 

maximum angular velocities in elbow from the point the player started to pass the ball until 

release (ELBOW_AVmax) (◦/s), and maximum angular velocities in wrist from the point the 

player started to pass the ball until release (WRIST_AVmax) (◦/s); the speed of ball 

approaching the target (BALL_S) (km/h); and the passing accuracy (ACCURACY) (points). 

To measure kinematic variables, the Xsens MVN inertial suit system was used with 17 three 

dimensional accelerometers/gyroscopes/magnetometers. The kinematic parameters of push 

passing were derived from the corresponding MVN BIOMECH software (MVN Studio 4.4, 

firmware version 4.3.1). Previous study has confirmed the reliability and validity of Xsens 

kinematic suit for analyzing angular velocity and other kinematic parameters in different 

basketball techniques [21]. In addition, it was used in previous study for measuring similar data 

in the field of basketball [22]. The ball speed was measured by a radar gun (Stalker ATS 2, 

manufacturer: Stalker Sport, Texas, USA) with its reliability being previously proved in the 

sport field [23,24]. 

2.3. Test Protocol 

As shown in Figures 1 and 2, two hoops were placed vertically near the left and the right court 

corner 1.30 m above the ground. The distance between the hoops and the basket was 6.20 m, 

and the distance between the hoops and the top of the three-point line was 9 m. Participants 

were standing in the middle of the free throw line with their back to the basket. Two basketball 

players were standing on the wing of both the left and the right side, passing the ball to the 

participant. The participant ran to the top of the three-point line and received the ball; then, they 

did a crossover with one dribble and passed the ball with the right hand toward the right target 

(hoop). After passing to the right target, the player ran to the left side and repeated the same 

task. Players executed six passes to the right and left sides, respectively. Due to some technical 

issues with equipment and motor movement, there were several passes that were not taken for 

further analysis. Prior to the test, the players had three trial passes. The warmup consisted of 5 

min of jogging and 5 min of specific stretching. According to a previous study [18], the test 

scoring was as follows: 
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Eight points were awarded for each pass that hit the target without touching the hoop.  

Six points were awarded for each pass that hit the target but touched the hoop once.  

Four points were awarded for each pass that hit the target but touched the hoop more than once. 

Two points were awarded for each pass that did not hit the target but touched the hoop. 

No points were awarded if the ball did not hit the target nor touch the hoop, or if a pass other 

than a push pass was used. 

 

 

     Figure 1. (a) Push pass on the right side                      (b) push pass on the left side 

 

 

Figure 2. Sketch of the target 

  

2.4. Fatigue Protocol 

The 300-meter shuttle run (15×20m with the change of direction of 180°) was used as fatigue 

protocol due to similarities with game situations in which a player runs forward and backwards 
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consecutively. The reliability of this fatigue protocol was previously verified [25–26]. Players 

were instructed to sprint as fast as possible during the fatigue protocol, and the running time 

was recorded by photocells (WittyGate, manufacturer: Microgate, Bolzano, Italy). 

2.5. Data Analysis 

“Statistica” version 13.5.0.17 (manufacturer: TIBCO Software Inc, Palo Alto, CA; release date: 

November 2018) was used for the statistical analysis. Basic descriptive parameters were 

calculated for all measured variables. The normality of the data distribution was evaluated using 

Kolmogorov–Smirnov test. To verify the differences of the kinematic parameters between 

fatigue and non-fatigue, analysis of variance (ANOVA) for repeated measures was applied. 

With the use of the G*power program, the sample size (number of passes) was calculated (n = 

98) that was needed for measurement procedure with statistical significance p ˂ 0.05; statistical 

power 0.8; effect size 0.25 and groups. 

 

3. Results 

As shown in Table 1, the mean value of passing accuracy (ACCURACY) when players were 

under the influence of fatigue was decreased compared to non-fatigue condition (fatigue = 1.93; 

non-fatigue = 2.81); the mean value of maximum angular velocity in non-fatigue condition was 

higher than fatigue condition, regardless of shoulder (SHOULDER_AVmax) (non-fatigue = 

731.39; fatigue = 662.73), elbow (ELBOW_AVmax) (non-fatigue = 1264.64; fatigue = 

1212.35), and wrist joint (WRIST_AVmax) (non-fatigue = 1531.42; fatigue = 1306.75). The 

mean value of maximum angular velocity in wrist joint (WRIST_AVmax) was obviously 

higher than in elbow (ELBOW_AVmax) and shoulder (SHOULDER_AVmax) both in fatigue 

and non-fatigue conditions (Figure 4); the mean value of pelvis position (PELVIS_P) when 

players were under fatigue was increased compared to the non-fatigue condition (fatigue = 0.93; 

non-fatigue = 0.89); the pelvis velocity in X-axis (PELVIS_Xaxis) and Y-axis (PELVIS_Yaxis) 

when players were under fatigue was lower than in non-fatigue condition; the ball speed 

(BALL_S) when players were under fatigue was decreased compared to non-fatigue condition 

(fatigue = 39.96; non-fatigue = 42.38). 

In addition, the results in Table 1 indicated that there was a significant difference between 

fatigue and non-fatigue conditions in angular velocities in terms of shoulder 

(SHOULDER_AVmax; p = 0.01), elbow (ELBOW_AVmax; p = 0.04) and wrist 

(WRIST_AVmax; p = 0.01). In addition, there were significant differences in passing accuracy 

(ACCURACY; p = 0.01) and ball speed (BALL_S; p = 0.00) between fatigue and non-fatigue 

conditions; there were significant differences in the pelvis position (PELVIS_P; p = 0.00) and 
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the pelvis velocity X-axis (PELVIS_Xaxis; p = 0.00) between fatigue and non-fatigue 

conditions. However, there was no significant difference in the pelvis Y-axis (PELVIS_Yaxis; 

p = 0.12). 

Table 1. Descriptive parameters and result of ANOVA for repeated measures of the fatigue 

and non-fatigue conditions. 

 

* Marked values were significant when p<0.05. Legend: SHOULDER_AVmax: maximum 

angular velocity of shoulder joint from the point the player started to pass the ball until release; 

ELBOW_AVmax: maximum angular velocity of elbow joint from the point the player started 

to pass the ball until release; WRIST_AVmax: maximum angular velocity of wrist joint from 

the point the player started to pass the ball until release; PELVIS_P: the position of player’s 

pelvis from the point the player caught the ball until release; PELVIS_Xaxis: the velocity of 

pelvis in X-axis from the point the player caught the ball until release; PELVIS_Yaxis: the 

velocity of pelvis in Y-axis from the point the player caught the ball until release; BALL_S: the 

speed of the ball approaching to the target; ACCURACY: the passing accuracy. 
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Figure 4. Comparison of angular velocities between fatigue and non-fatigue. 

As presented in Table 2, the mean values of players’ HR and BL under the influence of fatigue 

were obviously higher than in non-fatigue condition (fatigue: HR = 186.82; BL = 10.35; non-

fatigue: HR = 87.82; BL = 1.45). 

Table 2. Descriptive statistics of Heart Rate (HR) and Blood Lactate (BL) when players 

were under different physio-logical load. 

 

Legend: HR_non_F: The players’ heart rate in non-fatigue condition; Max_HR_non_F: The 

players’ maximum heart rate in non-fatigue condition during passing; HR_F: The players’ heart 

rate under the influence of fatigue; Max_HR_F: The players’ maximum heart rate under the 

influence of fatigue during passing; BL_non_F: The players’ blood lactate in non-fatigue 

condition; BL_F: The players’ blood lactate after the fatigue protocol. 

Table 3 shows that there was significant difference in push passing between the fatigue and 

non-fatigue conditions (F = 9.65, p = 0.00). 

Table 3. Result of ANOVA for repeated measures (for groups). 

 

*Marked values were significant when p < 0.05. 
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4. Discussion 

There were few studies observing the change of kinematic parameters and accuracy of 

basketball passing under physiological load. The present study aimed to identify whether some 

kinematic parameters of push passing changed when players were under the influence of fatigue 

and to examine if fatigue affected the passing accuracy. The main findings from this study 

showed that there were significant differences between non-fatigue and fatigue conditions in 

kinematic parameters and passing accuracy, which is in line with our previously formulated 

hypotheses. 

Physiological variables such as HR and BL can be measured not only in sterile laboratory 

conditions but also on field and in more authentic conditions [27]. HR and BL have been used 

in many studies to monitor the level of athletes’ fatigue [28–31]. In this study, the mean value 

of HR was 186.82 beats/min, and the BL was 10.35 mmol/l during the testing. McInnes et al. 

[11] investigated the intensities of a real basketball competition by using a heart rate monitor. 

The results showed that the highest value of HR during the game was 188 beats/min. Another 

research by Abdelkrim et al. [10] reported that the highest BL concentration in a basketball 

game was 13.2 mmol/l varying from the player’s position and the level of competition. 

Consequently, it can be concluded that the level of players’ fatigue in this study was at the level 

of players’ fatigue in the actual situational conditions during the game.  

The results from this study showed that there were significant differences between non-fatigue 

and fatigue conditions in kinematic parameters. Slawinski et al. [16] investigated the influence 

of fatigue on the change of kinematics and accuracy in basketball shooting. They reported that 

the fatigue decreased hip joint angle and increased shoulder joint angle. Another two studies 

focused on the effect of progressive fatigue on the kinematic change of the longer shooting 

distance [14–15]. Their results showed that fatigue had a great influence on all kinematic 

parameters measured in their study. Therefore, the results of this study were similar to their 

results, which means that fatigue had a great influence on important kinematic parameters in 

performing basic elements of basketball technique.   

There was also a significant difference in passing accuracy and the speed of the ball 

approaching the target. A few studies investigated the change of passing accuracy related to 

fatigue. There were two studies investigating the impact of fatigue on the accuracy of basketball 

chest passing, and their results showed that there was a significant difference in passing 

accuracy when players were under the influence of fatigue [17,18]. The result of the present 

study is consistent with previous studies.  
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In this study, the PELVIS_P in fatigue condition was significantly higher than in non-fatigue 

condition. Some previous studies have stated that decreases of lower limb muscle activation 

due to fatigue could result in changes in PELVIS_P, and the reduction of strength tended to 

increase the player’s center of mass [32–33]. Lafond et al. [34] pointed out that the higher center 

of mass may reduce the ability of balance, and Boccolini et al. [35] reported that the role of 

postural balance appeared to be important in shooting performance. Given that, it could be 

assumed that higher PELVIS_P implied a lower level of balance during passing performance, 

and the poor balance could consequently lead to a decrease of the passing accuracy.  

Fatigue can cause the reduction in the capacity of the muscle to generate force, which results in 

a player who is unable to continue moving at the same level of performance [15,36–37]. In 

addition, Kauranen et al. [38] reported that the increase in the strength of the upper extremities 

improved the coordination and velocity of movement. In this study, the value of upper extremity 

angular velocity, accuracy, and speed of the ball approaching the target in fatigue condition 

were greatly decreased compared to non-fatigue. This can be explained by the fact that fatigue 

affected the reduction of muscle strength and coordination, which ultimately reduced angular 

velocities in individual joint systems, the accuracy of the pass, and the speed of the ball during 

the pass. 

It was clear that the mean value of WRIST_AVmax was higher than ELBOW_AVmax, and 

that of ELBOW_AVmax was higher than SHOULDER_AVmax both in fatigue and non-

fatigue conditions (Figure 4). The body segments move in a certain sequence for multiple joint 

movements—the force is transmitted from the proximal to the distal body parts [39,40]. In 

addition, there were some studies that stated that greater velocities during shooting were 

associated with the strategies of the reuse of the energy transferred from the lower extremity to 

upper extremity [41–44]. Similarly, in the technique of push passing, the sequence of movement 

of the upper extremity is shoulder, elbow, and wrist (Figure 4), and the force of wrist joint is 

transferred from elbow and shoulder. The previously mentioned sequence of movement is 

constant regardless of players’ physiological condition. Components that can vary depending 

on influence of fatigue are values of forces and angular velocities.  
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Figure 4. Kinogram from the point of catching the ball until releasing it from the wrist. 

The PELVIS_Xaxis was higher than in PELVIS_Yaxis both in fatigue and non-fatigue 

conditions, which reflected that the players were using correct technique during the testing. In 

order to pass by the defender, the drive needs to be performed in the direction of the basket [45]. 

Thus, the velocity in the direction of forward (X) should be higher than the direction of side (Y) 

that is mainly for creating space for drive toward the basket. The results in this study showed 

that there was a significant difference in PELVIS_Xaxis (p = 0.00) between fatigue and non-

fatigue conditions. It is very important to perform crossover with a quick first step after 

receiving the ball so that the offensive player can take an advantage over the defensive player. 

In that situation, another defensive player on the helping side tries to stop the player’s drive to 

the basket. That movement creates a situation for passing to an open offensive player who stays 

at the corner and waits for the pass and open shot or drive. In this study, the PELVIS_Xaxis 

was decreased after fatigue protocol, which means that the player did not have enough velocity 

to pass by the defender to the basket and probably would not attract the help of the defender. 

As a result of that, the offensive player who stayed at the corner lost the opportunity to catch 

the ball and shoot.    

Limitations 

The presented study focused on the technique of push passing, but different kinds of passing 

can be used in a game as well. Thus, it is worth exploring the change of kinematic parameters 

on other passing techniques such as chest or overhead passing. In addition, the limitation of this 

study was the situation that the testing was performed without defensive players who can be 

included in some future research.  

Therefore, these factors are worth analyzing in the future studies related to passing technique. 

 

5. Conclusions 
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There were significant differences in maximum angular velocity of shoulder, elbow, and wrist 

between fatigue and non-fatigue. The passing accuracy and ball speed when players were under 

the influence of fatigue were significantly decreased compared to non-fatigue condition. The 

players’ pelvis position was obviously increased when they were under fatigue. There was a 

significant difference in pelvis velocity related to X-axis between fatigue and non-fatigue; 

however, there was no significant difference in Y-axis. The findings of this study could also 

help coaches better understand the pattern of movement of push passing and correct players’ 

technique. 

It is extremely important that players adopt the correct motor structure of passing to create an 

automatism during the training process of learning, which will ultimately not change even under 

the influence of fatigue. Only this can ensure the situational efficiency of the player, because 

any deviation from the ideal biomechanical structure also affects the occurrence of a larger 

number of motor errors, and consequently reduced efficiency.  

From the aspect of cooperation between two players in offense, in addition to the correctly 

adopted movement structure, it is also necessary to perfect spatial–temporal relations in passing 

and catching the ball, which is possible if the conditions of the players’ training process are 

similar to the conditions of the game. 
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1. Introduction 

Basketball shooting has been previously recognized as the most frequently used and the most 

important technique in the game. Likewise, it has been stated by many researchers that shooting 

accuracy strongly determines the outcome of a basketball game (Erčulj and Supej, 2006, 

Boddington et al., 2019, Angel Gómez et al., 2008).  

There are different types of scoring in a basketball game. However, the jump shot has been 

reported to be the most common and efficient shooting technique (Knudson, 1993, Zwierko et 

al., 2018), accounting for more than 60% of a field goal attempts in the Women’s National 

Basketball Association (WNBA) in the 2010 season (Oudejans et al., 2012) and 67% of a field 

goal attempts in the National Basketball Association (NBA) in the 2014 season (Boddington et 

al., 2019). Consequently, many basketball coaches and scientists are focusing on how to 

diagnose players techniques during the jump shot and help them optimize their technique.  

Traditionally, the players’ techniques were subjectively evaluated by coaches’ experience. 

However, it is possible that coaches even with rich knowledge in practice can occasionally 

ignore some details in the players’ techniques. With the rapid development of technology, there 

have been some studies observing players’ jump shot by using kinematic analysis (Struzik et 

al., 2014, Rojas et al., 2000, Nakano et al., 2020), which may help the one in teaching, learning 

to have a better understanding in the movement pattern of basketball techniques and to further 

perfect players’ techniques. Similarly, some studies have concluded that basketball coaches and 

teachers should integrated ideas from practical experience and scientific research in order to 

elicit the best training system for producing top basketball players (Knudson, 1993, Trninić et 

al., 2002). 

Basketball is an intermittent, high-intensity sport with the movements such as sprinting, 

shuffling and jumping (Ben Abdelkrim et al., 2007, Stojanovic et al., 2012). There were a 

number of studies investigating the influence of fatigue in basketball jump shot (Erculj and 

Supej, 2009, Uygur et al., 2010, Pojskic et al., 2018). Erculj & Supej observed the influence of 

fatigue on kinematics in shooting, and their findings revealed that the position of the release 

arm and shoulder statistically significant changed when players were under the moderate-and 

high-intensity fatigue level (Erculj and Supej, 2009). Another study by Uygur et al. found that 

fatigue did not affect selected kinematic variables in free throw shooting (Uygur et al., 2010). 

In terms of the influence of fatigue on accuracy of jump shot, Marcolin et al. investigated the 

change of jump shot accuracy when players were under progressive physiological load 

condition, reporting that the jump shot accuracy was significantly decreased with increasing 

intensity drills (Marcolin et al., 2018). Thereby, it can be concluded that the ability to maintain 
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the required high intensity during a game is critical for winning a game (Erculj and Supej, 

2009).  

As explained earlier, numerous studies have examined the kinematic analysis related to jump 

shot in basketball. However, little is known about the influence of fatigue on the kinematics of 

jump shot regarding female basketball players. It is therefore essential to add some new 

knowledge to this area. In addition, another novelty of this study was that the shooting machine 

was used to standardize each pass, which ultimately allowed for the exclusion of negative 

external factors (inaccurate passes) on the performance of the jump shot technique. Therefore, 

the present study aimed to observe the change of kinematic parameters, as well as the jump shot 

efficiency between fatigue and non-fatigue condition regarding female basketball players.  

 

2. Materials and methods 

2.1. Participants  

Thirty-two professional female basketball players (point and shooting guards) were volunteered 

to take part in the study (age: 22.11  4.92 years; height: 173.99  7.06 cm; weight: 67.89 5.65; 

body fat: 25.20  4.34 %). Players who had injury or health issues were excluded. In order to 

avoid the interference of fatigue on testing, players were asked to restrain from training sessions 

at least one day before testing. Prior to testing, all players were fully informed about all 

procedures and provided written informed consent.  

2.2. Experimental Procedures  

The study was conducted in a repeated measures study design: non-fatigue and fatigue groups. 

Each player was tested in one day, and they underwent the same protocol: before testing, they 

had at least one day of rest, while the testing consisted of warm-up, non-fatigue jump shots 

testing, fatigue protocol, and fatigue jump shots testing. The warm-up consisted of 5 minutes 

jogging, 5 minutes dynamic stretching and 5 minutes ball handing. In order to observe the 

players’ fatigue level, the blood lactate (BL) was measured after warm-up and after fatigue 

protocol immediately by a portable lactate analyzer (Lactate Scout 3, manufacturer: SensLab 

GmbH, Leipzig, Germany). In addition, the rating of perceive exertion (RPE) using the CR-10 

sliding scale was examined after the testing. Players were allowed to take 5 trial jump shots 

before the testing, following the start of jump shot testing. 

The testing protocol was presented in figure 1, each player stood at the distance of 5-meter from 

basket. When the testing started, they received the ball from shooting machine, performing four 

jump shots from aforementioned spot. In order to standardize each pass that directly connect 

shooting efficiency, a shooting machine (Dr. Dish, Airborne Athletics, Inc. Minneapolis, MN, 
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USA) was placed under the basket and programmed to pass the ball towards the players. The 

ball speed was set to 8 m/s and the interval time was 5 seconds between each pass. The net for 

gathering balls was not placed on the shooting machine in order to avoid the interference on 

kinematic parameters of shooting. After the first testing, players were asked to perform fatigue 

protocol: 300-meter shuttle run (15 × 20 m with the change of direction of 180). The mentioned 

fatigue protocol was used due to similarities with game situations in which a player runs 

forward and backwards consecutively, and its reliability has been previously verified by 

previous studies (Sporiš et al., 2014, Callister et al., 2010). During the 300-meter shuttle run, 

players were instructed to sprint as fast as possible and the sprint time was recorded by 

photocells (WittyGate, Microgate, Bolzano, Italy). Afterwards, players performed four jump 

shots once more for observing the difference between non-fatigue and fatigue group.  

 

Figure 1. The illustration of jump shot testing 

2.3. Variables 

During the testing, the following variables were observed: horizontal displacement from the 

moment players jumps to the landing (HD) (cm); release height when the ball left from players 

dominant hand (RH) (cm); shooting speed from the moment players touched the ball from pass 

until release (SS) (s); entry angle of the ball formed by the downward line of the ball in relation 

to the basket (EA) (); maximum angular velocity of ankle joint during jump shot 

(ANKLE_AVmax) (/s); maximum angular velocity of knee joint during jump shot 

(KNEE_AVmax) (/s); maximum angular velocity of hip joint during jump shot (HIP_AVmax) 

(/s); maximum angular velocity of shoulder joint during jump shot (SHOULDER_AVmax) 

(/s); maximum angular velocity of elbow joint during jump shot (ELBOW_AVmax) (/s); 
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maximum angular velocity of wrist joint during jump shot (WRIST_AVmax) (/s); efficiency 

of shooting (%). 

The kinematic variables were measured by Xsens MVN inertial suit system (Xsens 

technologies B.V., Netherlands). The player wore a full-body suit equipped with 17 three 

dimensional accelerometers/gyroscopes/magnetometers (sampling frequency 60 Hz) to ensure 

full 3D motion capture analysis. The movement pattern of jump shots during testing was 

presented in figure 2. Prior to the start of testing, basic anthropometric characteristics were 

measured for system calibration performed according to the instruction of the manufacturer. 

The calibration of sensors was set in N-pose and the kinematic parameters were derived from 

the corresponding MVN BIOMECH software (MVN Studio 4.4, firmware version 4.3.1). 

Previous study has verified the reliability and validity of Xsens kinematic suit for kinematic 

analysis of basketball techniques (Robert-Lachaine et al., 2017). In addition, it was used in 

previous studies for measuring similar data in the basketball field (Slawinski et al., 2018, Li et 

al., 2021). To measure other kinematic variables (i.e., shooting speed, entry angle of the ball), 

a Smart Ball (94fifty ball, InfoMotion Sports Technologies Inc., Dublin, Ohio, USA) was used. 

The Smart Ball contains nine accelerometers inside which can measure three variables−shot 

speed, ball rotation and ball arc. The mentioned ball is of the normal size and weight 

corresponding to the official proposals proscribed by FIBA and its reliability and validity have 

been previously proved (Abdelrasoul et al., 2015, Rupčić et al., 2016). 

 

Figure 2. Layout from the ready position until releasing the ball 

2.4. Statistical Analysis 

With the use of the G*power program, the sample size (number of shots) was recommended 

(n=98) that was needed for measurement procedure with statistical significance p ˂ 0.05; 

statistical power 0.8; effect size 0.25 and groups. Eight jump shots were excluded from the final 

analysis due to some technical issues with equipment and motor movement. Overall, 120 jump 

shots were analyzed in this study. 
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“Statistica” version 13.5.0.17 (TIBCO Software Inc, Palo Alto, CA) was used for the statistical 

analysis. Basic descriptive parameters were calculated for all measured variables. The 

normality of the data distribution was evaluated by using Kolmogorov–Smirnov test. To verify 

the differences of the kinematic variables between fatigue and non-fatigue group, analysis of 

variance (ANOVA) for repeated measures was applied.  

 

3. Results 

Table 1 presents the results of ANOVA for repeated measures. The statistical analysis 

demonstrated significant difference between non-fatigue and fatigue group in selected 

kinematic parameters (p=0.002). 

Table 1. The results of ANOVA for repeated measures (for groups). 

Test Value F p 

Wilks 0.89 2.92 0.002* 

*Marked values were significant when p < 0.05. 

Table 2 provides the descriptive parameters and ANOVA for variables between non-fatigue 

and fatigue group. The mean value of horizontal displacement (HD) during jump shots were 

relatively similar (non-fatigue=13.30; fatigue=13.31) and there was no significant difference 

between non-fatigue and fatigue group (p=0.992). The mean value of release height (RH) 

during jump shots were higher in non-fatigue compared to fatigue group (non-fatigue=201.54; 

fatigue=198.48) and there was significant difference (p=0.048). Likewise, the mean value of 

shot speed (SS) was similar (non-fatigue=0.86; fatigue=0.85) and there was insignificant 

difference between two groups (p=0.657). The mean value of entry angle (EA) of the ball in 

non-fatigue was higher than fatigue group and there was statistically difference between two 

groups (p=0.037). In terms of the angular velocity of players’ lower extremity during jump 

shots, the mean value of maximum angular velocity of ankle joint (ANKLE_AVmax) was lower 

in non-fatigue compared to fatigue group (non-fatigue=636.22; fatigue=649.96), but there was 

no statistically significant difference between two groups (p=0.372). Similarly, the mean value 

of maximum angular velocity of knee joint (KNEE_AVmax) was lower in non-fatigue 

compared to fatigue group (non-fatigue=362.42; fatigue=366.63), but there was no significant 

difference between two groups (p=0.688). Moreover, the mean value of maximum angular 

velocity of hip joint (HIP_AVmax) was lower in non-fatigue compared to fatigue group (non-

fatigue=239.72; fatigue=245.68), but there was no significant difference between two groups 

(p=0.346). Conversely, in terms of the angular velocity of players’ upper extremity during jump 

shots, the mean value of maximum angular velocity of wrist joint (WRIST_AVmax) was higher 
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in non-fatigue compared to fatigue group (non-fatigue=1134.44; fatigue=989.49) and there was 

significant difference between two groups (p=0.002). Equally, the mean value of maximum 

angular velocity of elbow joint (ELBOW_AVmax) was higher in non-fatigue compared to 

fatigue group (non-fatigue=1128.28; fatigue=1090.83) and there was significant difference 

between two groups (p=0.036). Last, the mean value of maximum angular velocity of shoulder 

joint (SHOULDER_AVmax) was higher in non-fatigue compared to fatigue group (non-

fatigue=560.88; fatigue=512.71), but there was no significant difference between two groups 

(p=0.082). 

Table 2 Descriptive parameters and result of ANOVA for repeated measures of the fatigue 

and non-fatigue conditions. 

 

* Marked values were significant when p < 0.05.  

Figure 3 illustrates the angular velocity of lower and upper extremities between non-fatigue and 

fatigue group. It reveals that the mean value of maximum angular velocity of lower extremity 

was lower in non-fatigue compared to fatigue group. Conversely, the mean value of maximum 

angular velocity of upper extremity was higher in non-fatigue compared to fatigue group. 
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Figure 3 Comparison of angular velocity in different joints between non-fatigue and fatigue 

The table 3 below presents that the efficiency of jump shots was almost identical between non-

fatigue and fatigue group (non-fatigue=54.167%; fatigue=53.333%). 

Table 3 The results of jump shots efficiency 

 

As shown in table 4, the mean value of BL was obviously higher in fatigue than non-fatigue 

group. Additionally, the mean value of RPE scale was 8.59. 

Table 4 Descriptive statistics of Blood Lactate (BL) and Rating of Perceive Exertion (RPE) 

between non-fatigue and fatigue group 

 

Note: BL_non_F: The players’ blood lactate after warm-up (non-fatigue group); BL_F: The 

players’ blood lactate after the fatigue protocol (fatigue group); RPE Scale: the players’ rating 

of perceive exertion after the testing of fatigue group. 

 

4. Discussion 

The present study was conducted to investigate the influence of fatigue on some kinematic 

parameters and efficiency of jump shot in professional female basketball players. In reviewing 
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the literature, little is known about the association between fatigue and kinematic parameters in 

terms of professional female basketball players. The main findings of this study showed that 

there was significant difference in some kinematic parameters of jump shot between non-fatigue 

and fatigue condition.  

The BL and RPE have been widely used to assess the athletes’ physiological load during 

training (Brini et al., 2020, Manzi et al., 2010) and game (Narazaki et al., 2009, Moreira et al., 

2012). In this study, the mean value of BL was 10.02 mmol/l when players completed the 

fatigue protocol. McInnes et al. investigated the physiological response to the real basketball 

games (McInnes et al., 1995). As a result, they reported that the mean maximum BL for all 

subjects was 8.53.1 mmol/l, with the highest individual 13.2 mmol/l. In addition, research by 

Erculj and Supej assessed the effect of progressive fatigue on basketball shooting (Erculj and 

Supej, 2009). A similar result (BL=9.7 mmol/l) to current study was observed when players 

completed the last series of the fatigue protocol. On the other hand, the current study 

demonstrated that the mean RPE score was 8.59, which is similar to a previous study showing 

that the RPE was 8.00.9 in regular games and 8.30.8 in overtime periods of the official games 

(Scanlan et al., 2019). Thereby, it can be concluded in this study that conditions were similar 

to a real basketball game for players after the fatigue protocol, and that the difference in jump 

shot between non-fatigue and fatigue condition could be investigated.      

The results of this study showed that some kinematic parameters changed when players were 

under the influence of fatigue, which is in agreement with previous studies showing that the 

movement pattern of shooting was changed under the influence of fatigue (Erčulj and Supej, 

2006, Erculj and Supej, 2009, Rupčić et al., 2020). The results of the present study 

demonstrated that the mean angular velocity of lower extremity was higher in fatigue condition 

than non-fatigue condition, while, at the same time, the angular velocity of upper extremity was 

lower in fatigue than non-fatigue condition. This finding is in line with a previous study 

reporting that the maximum of lower extremity increased in jump shots when players were 

under highly intensive fatigue, whereas the upper extremity continuously decreased (Rupčić et 

al., 2020). The body segments move in a certain sequence for multiple joint movements—the 

force is transmitted from the proximal to the distal body parts (Hudson, 1986, Ueberschär et 

al., 2019) and greater velocities during shooting were connected with the strategies of the reuse 

of the energy transferred from the lower extremity to upper extremity (Knudson, 1993, Okubo 

and Hubbard, 2015, Elliott, 1992, Okazaki and Rodacki, 2018). Furthermore, a study stated that 

the coordination is a skill required more than strength in jump shots for high-level basketball 

players (Uygur et al., 2010). This study found that the efficiency did not differ between non-
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fatigue and fatigue group. A very possible explanation for this might be that fatigue affected 

the reduction of muscle strength, which ultimately reduced angular velocities in upper extremity 

when players were under the influence of fatigue, but this can be compensated by the lower 

extremity so that players can ultimately perform a successful shot. This evidence is consistent 

with a previous study showing that high intensity repeated sprints impair postural control, but 

there was no influence on shooting efficiency through the readjustment of neuromuscular 

system in body segments (Barbieri et al., 2017).  

On the other hand, some previous studies have found that the efficiency of jump shot decreased 

when players were under the influence of fatigue (Marcolin et al., 2018, Mulazimoglu et al., 

2017). In terms of the shooting protocol of the current study, players stood at a stable spot, 

received the ball from the shooting machine and took a shot. However, the aforementioned 

studies used the dynamic jump shot protocol (i.e., keep running to catch the ball and perform a 

shot), which was more complex compared to the present study and it increased the accumulation 

of fatigue during testing. Moreover, previous studies reported that fatigue has negative effect 

on the capacity of the muscle to generate force, which results in a player who is unable to keep 

moving at the same level of performance (Erculj and Supej, 2009, Sherwood et al., 1988, Jarić 

et al., 1997). With respect of this study, the distance of jump shot was relatively short, and it is 

possible that professional players still had sufficient force by readjusting its flow in body 

segments to make a successful shot. 

The results of this study indicated that the mean values of HD (non-fatigue=13.30; 

fatigue=13.31) and SS (non-fatigue=0.86; fatigue=0.85) were almost identical. Likewise, this 

result may also be explained by the fact that elite basketball players can readjust their 

neuromuscular system in a way that lower extremity could compensate the lack of the force of 

upper extremity when they were under the influence of fatigue. In addition, the reason why the 

HD variable did not differ between two groups is likely that the players performed jump shots 

from a stable spot in this study, without previous movement. The HD variable may change 

significantly in the situation when players perform change of direction to catch the ball 

(dynamic jump shot). Consequently, fatigue is likely to affect players’ balance (Wilkins et al., 

2004), causing the significant changes of HD between non-fatigue and fatigue group. 

In terms of SS variable, the mentioned results may have been obtained due to the fact that the 

players took shots from a closer position to the basket. The assumption is that the shot speed 

will be extended when shooting from greater distances because players need more muscular 

strength and coordination to perform shots, but, considering the influence of fatigue, both 

parameters will be disturbed (Jarić et al., 1997, Enoka and Duchateau, 2008). This explanation 
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is corresponding to previous studies reporting that the shot speed was decreased when the 

distance increased (Vencúrik et al., 2021, Rupčić et al., 2015). 

The results of this study indicated that the RH was significantly higher in non-fatigue group 

compared to fatigue group (non-fatigue=201.54; fatigue=198.48). Elliott reported that releasing 

the ball before the highest point during a jump shot may allow players to transfer part of the 

vertical velocity resulting from the vertical displacement of their body to the ball in order to 

generate a greater impulse at ball release (Elliott, 1992). Thereby, a possible explanation for 

this result is that fatigue induced the players’ force reduction, but they attempted to decrease 

the release height for obtaining a greater impulse. On the other hand, the EA was significantly 

higher before the fatigue protocol (non-fatigue=33.41; fatigue=32.27). This finding is contrary 

to previous studies which have suggested that higher EA has positive influence on the shooting 

efficiency (Okazaki and Rodacki, 2012, Miller and Bartlett, 1993). This result may be explained 

by the fact that the significant differences regarding EA were borderline (p=0.04) between two 

groups and some shots with slightly lower EA after the fatigue protocol were successfully made, 

but with touching the basket or backboard several times, which result in the efficiency of jump 

shots was almost identical in current study between non-fatigue and fatigue group. The evidence 

was supported by other studies that analyzed the efficiency with different standards, according 

to the fluency of the scoring (e.g., only shots without touching the rim or backboard were 

considered successful; higher points were awarded for successful shots without touching the 

rim or backboard, while lower points were awarded for successful shots touching the rim 

several times) (Miller and Bartlett, 1996, Uygur et al., 2010, Lyons et al., 2006, Delextrat et 

al., 2018) so as to clearly assess the influence of fatigue on basketball techniques. Despite the 

fact that fatigue did not affect the efficiency of jump shot in this study, it should be noticed that 

the RH and EA significantly decreased, as previous studies have stated that these two variables 

play an important role in determination of shooting efficiency (Tran and Silverberg, 2008, 

Okazaki and Rodacki, 2012, Miller and Bartlett, 1993). Moreover, the lower RH is easy to be 

blocked by a defender when competing against teams which play good defense. Thereby, it is 

recommended that coaches include drills similar to the situational condition during a game in 

terms of fatigue and performance in the training process.  

4.1 Limitations 

In this study, players took jump shots from the stable spot with the interval of 5 seconds in 

current study. To some extent, thereby, they were in recovery state from testing itself between 

each shot. A further study with more focus on dynamic jump shot (i.e., keep moving to catch 

the ball and take a shot) will need to be undertaken. 
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Furthermore, the distance of jump shot in present study was relatively short, and it is possible 

that players still had sufficient force through readjusting the flow of force in body segments to 

make a successful shot. Therefore, it is worthwhile devoting effort to longer distance and 

complexity jump shot such as three-points and jump shot with defender in terms of female 

basketball players.    

  

5. Conclusions 

The main findings of this investigation showed that the angular velocity of lower extremity was 

higher in fatigue compared to non-fatigue group. Conversely, the angular velocity of upper 

extremity was lower in fatigue compared to non-fatigue group. In addition, the efficiency of 

jump shot did not decrease significantly in fatigue group. The results of this study indicated that 

elite female basketball players are able to maintain the efficiency through readjusting the 

neuromuscular system to make a successful jump shot when they were under fatigue condition. 

However, the results of current study showed that the release height and entry angle of the ball 

significantly decreased in fatigue group, suggesting that coaches need to include in the training 

process exercise that is similar in terms of fatigue and performance to the situational condition 

during the game as these two variables play an important role in determination of the shooting 

efficiency. 
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Introduction  

Considering that basketball is a very dynamic sport which includes different types of running 

(short and longer sprints), accelerations, decelerations, jumping, landing and physical contacts 

with team players and opponents, it is implied that during practices and competitions basketball 

players undergo discontinued physiological loads that are occasionally of extremely high 

intensity. The conclusion can be made that whether it is women’s or men’s competitions, or 

during competitions for younger age categories, basketball players are exposed to high 

physiological loads (McInnes et al., 1995; Matthew & Delextrat, 2009; Abdelkrim, El Fazaa & 

El Ati, 2007). Upon increasing the intensity and entering the anaerobic load zone, the 

concentration of lactic acid in the blood increases, which ultimately effects the gradual 

occurrence of fatigue in the organism of basketball players (Allen, Lamb & Westerblad, 2008). 

This in turn results with the presumption that players perform specific motor movements when 

playing under the influence of higher fatigue (Rodriguez-Alonso et al., 2003). Consequently, it 

is to be expected that in such conditions the performance of stereotypical and automatized 

movements usually performed by a basketball player shall also be modified. 

The jump shot is one of the most common way of shooting in basketball (Hay, 1985). It 

represents the base in hierarchical structure of basketball game knowledge (Trninić, Trninić & 

Jelaska, 2010). The main characteristic of the mentioned element is the fact that it enables 

shooting the ball towards the basket from greater distances. As such, this element of basketball 

technique was a result of the players’ desire and need to find the best solutions in new situations. 

Given the fact that the primary aim in basketball is to score a basket, this element became one 

of the most significant elements of technique in modern basketball (Hess, 1980). There have 

been many studies of the jump shot in terms of biomechanical analysis, that is in terms of 

performing the mentioned motor task (Podmenik et al., 2017). Rojas et al., (2000) studied the 

modification of performing the jump shot technique during the active play of the defensive 

player. Many researchers were also conducted on the effect of increasing the distance from 

which the jump shot is realized on the motor performance of the jump shot (Podmenik et al., 

2017; Okazaki & Rodacki, 2012). Okazaki et al. (2007) also examined the relationship between 

the duration of the jump shot and efficiency which resulted in a small statistically significant 

correlation (r=0,22; p>0,05). Erculj and Supej (2009) studied the influence of fatigue on 

performing the jump shot from the 6,25 m distance, with a top shooter of NBA quality level as 

the subject of their research, and they managed to prove that the technique of performing the 

mentioned element changes under the influence of fatigue. Likewise, similar results were 
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obtained in other research which demonstrated that certain kinematic parameters are altered 

during the performance of the jump shot under the influence of fatigue (Rupčić et al., 2015). 

Kinematic changes in performing different motoric tasks under the influence of fatigue was 

also noticed in some other sports (Becker et al., 2017). So far, most of performed research 

included senior players. There is a need to determine if shooting training in real, situational 

conditions, especially while the players are under the influence of fatigue will produce better 

results.   

The aim of this research is to precisely determine if there are statistically significant differences 

in kinematic parameters of young basketball players during shooting while in different stages 

of fatigue. 

 

Methods 

As part of this research there was one participant, a basketball player (age = 17yr) who is a 

member of the Croatian U18 Men’s National Team. Subject was healthy and gave written 

consent for testing procedure. In order for each pass towards the player to be standardized in 

terms of its accuracy, the Dr Dish Basketball Shooting Machine® was used in this research. 

The shooting machine was placed under the basket and programmed to pass the ball towards 

the players in time intervals of 10 seconds. In order to determine the duration of the shot and 

the shooting angle the 94 Fifty® Smart Sensor Basketball by InfoMotion Sports Technologies 

Inc. was used in this study. The mentioned ball is of standard size and weight which correspond 

with the official propositions proscribed by FIBA. In addition, on the basis of previous research 

this device demonstrates validated and objective results and, as such, can be used for scientific 

purposes (Rupčić, Antekolović, Knjaz, Matković, Cigrovski, 2017). 

For the purpose of creating a kinematic pattern during the jump shot the SIMI Motion system 

with eight cameras was used (Basler SCA 640GC; 100 images per second) and it was in a semi-

circular position under the basket. For the purpose of kinematic analysis 16 markers were placed 

on the examinee’s body in anatomically referential points according to the modified Dempster 

model (Winter, 1990): 1 and 2) fifth metatarsal joints, 3 and 4) lateral malleolus of the fibula, 

5 and 6) lateral condyles of the tibia, 7 and 8) greater trochanters, 9 and 10) acromion, 11 and 

12) lateral epicondyles, 13 and 14) distal radials, 15 and 16) fifth metacarpal joints. 

Description of the variables: 

KNEEanglecatch (º) – angle of the knee joint at the moment of receiving the ball; 

HIPanglecatch (º) – angle of the hip joint at the moment of receiving the ball; 
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ANKLEmax_anglevel (º /s) – maximum angular velocity of the ankle; 

KNEEmax_anglevel (º /s) - maximum angular velocity of the knee joint; 

HIPmax_anglevel (º /s) – maximum angular velocity of the hip joint; 

SHOULDERmax_anglevel (º /s) – maximum angular velocity of the shoulder joint;  

ELBOWmax_anglevel (º /s) – maximum angular velocity of the elbow joint; 

WRISTmax_anglevel (º /s) – maximum angular velocity of the wrist; 

ANKLEaver_anglevel (º /s) – average angular velocity of the ankle; 

KNEEaver_anglevel (º /s) – average angular velocity of the knee joint; 

HIPaver_anglevel (º /s) – average angular velocity of the hip joint; 

SHOULDERaver_anglevel (º /s) – average angular velocity of the shoulder joint;    

ELBOWaver_anglevel (º /s) – average angular velocity of the elbow joint; 

WRISTaver_anglevel (º /s) – average angular velocity of the wrist; 

Pointofrelease (m) (º /s) – highest point at the vertical line in the release of the ball; 

Shooting angle (º) – angle formed by the downward line of the ball in relation to the basket;       

Time of shooting (s) – time between the moment of receiving the ball and the moment in which 

the ball leaves the hand. 

The examinee performed 30 jump shots from the 6.75 m distance as warm-up, as well as a 

dynamic stretching before starting with the testing. The examinee then executed three series of 

jump shots, each consisting of 8 shots from the previously mentioned distance. Prior to the 

initial testing, the lactic acid concentration of the examinee was measured after which the 

examinee started performing the jump shots. 

Before the second series of shooting, the examinee executed continued sprints of 4x15 meters 

(total of 60 meters) with a change of direction of 180 degrees between each sprint, and before 

the third, last series, he performed continued sprints of 8x15 meters (total of 120 meters), also 

with a change of direction of 180 degrees between each sprint. 

Immediately, after the both series of sprints, his blood lactate concentration was determined 

using a portable lactate analyzer (Lactate Pro LT-1710, Arkray KDK Corporation, Shiga, Japan) 

and then the examinee started with performing the jump shots. The mentioned type of sprint 

was used to attain physiological load of the player because this type of movement is often 

present in modern basketball game during many fast changes between defence and offense. 

In order to analyse the obtained data, the Statistica for Windows, ver. 12 was used. For each of 

the variables the basic descriptive statistical parameters (arithmetic mean, standard deviation) 

were calculated, whereas the occurrence of statistically significant differences was established 

by applying the ANOVA for repeated measurements. Partial eta-squared (ƞ2p) was used as a 



 62 

measure of effect size. For the purpose of determining statistically significant differences in a 

single variable between the three measurements, Tuckey post hoc tests were thus employed. 

The p<0,05 criterion was used for establishing statistical significance. 

  

Figure 1-2. Player during the performance of a jump shot 

 

Results 

Table 1 demonstrates the basic descriptive statistical parameters of the observed variables in all 

three series of jump shots (initial, 4x15 m and 8x15 m), as well as the univariant analysis of 

variance. Out of the 17 examined variables, statistically significant differences were recognized 

in 8 variables (KNEEanglecatch, HIPanglecatch, SHOULDERmax_anglevel, WRISTmax_anglevel, 

ANKLEaver_anglevel, KNEEaver_anglevel, WRISTaver_anglevel, Pointofrelease). 

Table 1. Basic descriptive statistical parameters, ANOVA for the repeated measurements 

with partial eta-squared of the observed variables in the first, second and third series 

 

Legend: KNEEanglecatch-angle of the knee joint at the moment of receiving the ball; 

HIPanglecatch-angle of the hip joint at the moment of receiving the ball; ANKLEmax_anglevel-
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maximum angular velocity of the ankle; KNEEmax_anglevel-maximum angular velocity of the 

knee joint; HIPmax_anglevel-maximum angular velocity of the hip joint; 

SHOULDERmax_anglevel-maximum angular velocity of the shoulder joint; 

ELBOWmax_anglevel-maximum angular velocity of the elbow joint; WRISTmax_anglevel- 

maximum angular velocity of the wrist; ANKLEaver_anglevel-average angular velocity of the 

ankle; KNEEaver_anglevel-average angular velocity of the knee joint; HIPaver_anglevel-average 

angular velocity of the hip joint; SHOULDERaver_anglevel-average angular velocity of the 

shoulder joint; ELBOWaver_anglevel-average angular velocity of the elbow joint; 

WRISTaver_anglevel-average angular velocity of the wrist; Pointofrelease-highest point at the 

vertical line in the release of the ball; Shooting angle-angle formed by the downward line of the 

ball in relation to the basket; Time of shooting-time between the moment of receiving the ball 

and the moment in which the ball leaves the hand, 1st series-initial testing; 2nd series-second 

series of shooting after 4x15 meters sprints; 3rd series-third series of shooting after 8x15 meters 

sprints; AM±SD-arithmetic mean±standard deviation; F-F test; p-level: p<0,05; ƞ2p-partial eta-

squared. 

As expected, maximum deviations in relation to the initial conditions were recorded in the final 

measurement, when the examinee was exposed to the 8x15 meters sprint exercise, which is also 

demonstrated by the measured level of lactic acid concentration in the blood of 11,00 mmol/L 

(Tables 2 and 3). 

Table 2. Tukey post hoc test of the following variables: angle of the knee joint and the hip 

joint at the moment of receiving the ball; maximum angular velocity of the shoulder joint and 

the wrist; average angular velocity of the ankle, the knee joint and the hip joint. 
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Legend: KNEEanglecatch-angle of the knee joint at the moment of receiving the ball; 

HIPanglecatch-angle of the hip joint at the moment of receiving the ball; 

SHOULDERmax_anglevel-maximum angular velocity of the shoulder joint; 

WRISTmax_anglevel-maximum angular velocity of the wrist; ANKLEaver_anglevel-average 

angular velocity of the ankle; KNEEaver_anglevel-average angular velocity of the knee joint; 

WRISTaver_anglevel-average angular velocity of the wrist; 1st series-initial testing; 2nd series-

second series of shooting after 4x15 meters sprints; 3rd series-third series of shooting after 8x15 

meters sprints; p-level: p<0.5 

As presented in Table 3, it is obvious that lactate values significantly increased during the 

testing. From very low values of 0.9 mmol/L before the first shooting series, which corresponds 

to resting state, after 4×15 m sprint lactate concentration increased to 1.7 mmol/L, and after two 

shooting series and 8x15m sprints it was as high as 11.0 mmol/L. 

Table 3. Indicators of shooting efficiency and level of lactates after all three measurements 

variable 1st series 2nd series 3rd series 

Efficienct of shooting 5/8 3/8 2/8 

Lactate (mmol/L) 0.90 1.70 11.00 

Legend: Efficiency of shooting-the ratio between successful and attempted shots; Lactate-blood 

lactate concentration before initial shooting (1st series) and after 4x15 meters sprint (2nd series) 

and 8x15 meters sprint (3rd series) 
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Angular velocities in different joints during the first, second and third series of shooting are 

presented in Table 4. It could be seen that maximum angular velocities of the shoulder joint and 

wrist were significantly scaling down with the greater manifestation of fatigue 

(SHOULDERmax_anglevel=510.89±22.10; 504.57±9.65; 484.46±18.56, p=0.02 and 

WRISTmax_anglevel=1227.02±143.73; 934.88±66.76; 950.04±53.23, p=0.00) as well as the 

elbow maximum angular velocity (ELBOWmax_anglevel=750.02±24.09; 721.42±35.19; 

717.39±21.76) where the diminution was present but not significant. At the same time shooting 

precision was reduced (Table 3.) 

Table 4. Differences in the measured variables presented in percentages between the three 

levels of load 

 

Legend:ANKLEaver_anglevel-average angular velocity of the ankle; KNEEaver_anglevel-

average angular velocity of the knee joint; HIPaver_anglevel-average angular velocity of the hip 

joint; SHOULDERaver_anglevel-average angular velocity of the shoulder joint; 

ELBOWaver_anglevel-average angular velocity of the elbow joint; WRISTaver_anglevel-

average angular velocity of the wrist; ANKLEmax_anglevel-maximum angular velocity of the 

ankle; KNEEmax_anglevel-maximum angular velocity of the knee joint; HIPmax_anglevel- 

maximum angular velocity of the hip joint; SHOULDERmax_anglevel-maximum angular 

velocity of the shoulder joint; ELBOWmax_anglevel-maximum angular velocity of the elbow 

joint; WRISTmax_anglevel-maximum angular velocity of the wrist; 1st series-initial testing; 

2nd series-second series of shooting after 4x15 meters sprints; 3rd series-third series of shooting 

after 8x15 meters sprints; 2.-1.-distinction between 2nd series and 1st series; 3.- 2.-distinction 

between 3rd series and 2nd series; 3.-1.-distinction between 3rd series and 1st series 

Changes in the height of releasing the ball as a result of different levels of the physiological 

load are presented graphically (Figure 3). 
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Figure 3. Changes in the height of releasing the ball as a result of different levels of load 

 

Discussion 

Upon analysis of the measured values of the knee joint and the hip joint at the moment of 

receiving the ball, it was noted that after greater fatigue intensity the mentioned values also 

increase, which thus indicates the fact that the examinee was in a more upright position at the 

moment of receiving the ball when exposed to a greater level of fatigue. Previous research 

determined that the values of the hip and knee were decreased when shooting from larger 

distances, i.e., when the player performs the jump shot from larger distances, he also lowers his 

centre of gravity in the initial phase of the shot, which consequently leads to the flexion of joints 

in the lower extremities (Svoboda et al., 2016). 

It is presumed that in order for a player to perform the jump shot quickly enough, without him 

being obstructed by the defensive player, the player must be in active position which means 

that his centre of gravity is adequately lowered, in addition to a certain flexion of the lower 

extremities. Combined with properly balanced space-time conditions of receiving the ball and 

using the ground reaction force, such a position is assumed to influence the correct angle of 

releasing the ball, and then consequently also the shooting angle which ultimately impacts the 

precision of the jump shot. Former research also determined a statistically significant 

correlation between the angle of releasing the ball and the shooting angle, as well as a causal 

link with precision (Lenik & Lenik, 2016; Fontanella, 2006). 

Upon examining the angular velocities of joints in the upper extremities, interesting 

observations can be recorded. When the examinee was most tired, maximum angular velocity 

values of the shoulder joint and the wrist statistically significant decreased, whereas in the 

elbow joint the observed values also decreased, however not in a statistically significant degree. 
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The above-mentioned observations can also be determined by performing additional analyses 

of the obtained results of average and maximum angular velocities of joints in the upper 

extremities which lead to the conclusion that the most significant changes were recorded 

between the initial measurement, when the examinee was not exposed to a high load level, and 

the most intensive load when the lactic acid concentration in the blood was 11.0 mmol/L. 

Therefore, the average angular velocity in the shoulder joint was reduced by 4.60%, in the 

elbow joint by 5.60% and in the wrist by 22.65%. This also refers to values of maximum angular 

velocities, in which case the shoulder joint value was decreased by 5.17%, the elbow joint by 

4.35% and the wrist by 22.57%. Tsai et al. (2006) obtained comparable results where the values 

of angular velocities in the elbow joint and the wrist statistically significantly decreased under 

the influence of higher load. 

After analysing the values of angular velocities of joint in the lower extremities, it can be noted 

that in most cases the mentioned values increase, particularly between the second (2nd series) 

and third measurement (8x15m). Thus, for example, the largest difference in the average 

angular velocity of the ankle was recorded between the second and third measurement, and it 

was 16.81% (p=0,00), while in the maximum angular velocity values the difference was 2.41%. 

Upon examining the knee joint and the hip joint the differences were not statistically significant, 

however, they were noticeable. Tsai et al. (2006) in their research concluded that under higher 

level of load, the angular velocity of the hip joint decreased for 3.04% (182.44; 176.88), and in 

ankle joint for 1.65% (564.77; 555.40), but the angular velocity in knee joint has increased by 

9.46% (279.73; 306.21). 

Based on the measured kinematic parameters, the conclusion can be made that the examinee 

changed his usual pattern of performing the jump shot. The above-mentioned is especially 

noticeable in the results of angular velocity of the wrist. It is precisely the wrist that plays an 

important role in the correct performance of jump shots as it produces the final "whip" when 

shooting the ball, which combined with the action of the fingers gives the ball the adequate 

speed and proper trajectory that consequently affects the precision of the shot (Fontanella, 

2006). Changes in the pattern of performing the jump shot inevitable lead to changes in shooting 

precision. The notable decrease of shooting precision was determined. Similarly, Nezhad, 

Rahimi & Sarshin (2015) while studying the effects of fatigue on knee and elbow kinematics 

during 3 points jump shot concluded that general fatigue negatively affected shooting accuracy 

in young boys. 

Furthermore, this research also showed a notable statistically significant difference in the height 

at the moment of releasing the ball. In other words, under the influence of fatigue the basketball 
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player performs the final phase of releasing the ball at a reduced height which can ultimately 

result in an allowed blocking of the shot by the defensive player (Rojas et al., 2010; Borović, 

Rupčić & Antekolović, 2015). 

The parameters that demonstrated no statistically significant changes were the speed of 

releasing the ball and the angle at which the ball enters the basket. 

 

Conclusion 

From the biomechanical standpoint, the jump shot is a complex motor movement. Upon 

analysis of kinematic parameters of the jump shot of the examinee before and after the 

physiological load, the conclusion is made that fatigue impacts certain changes in the kinematic 

pattern of performing the jump shot. The angular velocities of joint in the lower extremities 

noticeably increased, while the mentioned parameters in the upper extremities decreased. In 

addition, as a result of fatigue, the height of releasing the ball also decreased. Despite the 

changes in the above-mentioned parameters, the action performed on the ball remained 

unchanged considering that the speed of releasing the ball, as well as the angle at which the ball 

entered the basket demonstrated no changes. Even though the action performed on the ball did 

not alter from the biomechanical standpoint, the reduction of shooting precision under the 

influence of a higher level of fatigue still suggests that certain deviations occurred in the overall 

pattern of performing the examined motor skill. 

Based on this research, a proposal for the improvement of basketball practice is surely to 

perform training processes during which the jump shot and the development of shooting 

precision would be executed in conditions of variable load that shall ultimately be directed 

towards annulling the deviations in the kinematic pattern of the jump shot, which shall 

consequently also positively affect the development of shooting precision. 

Considering that this research was conducted with only one examinee and in controlled 

environment, all the conclusions should be taken with caution. This research surely opens the 

possibility for future research that should focus on influence of fatigue during different in game 

situations on shot efficiency. 
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1. Introduction 

Basketball shooting is an essential offensive skill because it directly influences the outcome of 

the game. Other basketball offensive skills such as dribbling and passing are used by players to 

create the best position for shooting. Several studies confirm the importance of basketball 

shooting. The investigation into game-related statistics revealed that especially effective field 

goals (along with defensive rebounds, free throw percentages, and assists) correlated with 

win/loss in elite basketball competitions [1-3]. Field goals include more types of shooting, i.e., 

lay-ups, jump shots, dunks, hook shots, and tip-ins. Except for jump shots, the other types of 

shooting are used primarily close to the basket. More than 60% of all field goal attempts in the 

Women’s National Basketball Association (WNBA) in the 2010 season were jump shots, which 

supports the importance of this type of shooting [4]. National Basketball Association (NBA) 

shows similar statistics in shooting. According to NBA.com/Stats [5], 58.8% of all jump shots 

taken during the regular season 2016–2017, by all NBA teams. Furthermore, 29.5% of all shots 

were taken after receiving a pass (catch and shoot situation). The most common situation is 

when the offensive player with the ball drives to the basket and the weak side defender has to 

help with the drive. Then the player passes the ball to an undefended teammate who can shoot. 

Therefore, these statistics confirm the importance of shooting after receiving the pass. In this 

context, Ibáñez et al. [6] based on game-related statistics, detects the dependency between 

assisted shots and the winning of the game. The team, which made more assists in the game, 

had a higher chance to win the game.  

In the past, various aspects related to jump shots were investigated. Miller and Bartlett [7] and 

Okazaki and Rodacki [8] assessed the impact of increasing horizontal distance on the kinematic 

parameters of a jump shot (segmental joint angle, center of mass displacement, release angle, 

release speed, etc.). When the distance increases, the player reduces the ball release angle, and 

the ball follows a flatter flight path. Erčulj and Supej [9] observed the impact of fatigue on joint 

angles and the height of the jump. The measured elbow and upper arm angles decrease with the 

growing fatigue. Their study demonstrates significant changes in shooting technique as a 

consequence of moderate and high fatigue. Another study, Rojas et al. [10] explores whether a 

defender’s presence has any impact on selected kinematic parameters. When a player is 

confronted by an opponent, the ball is released faster and from a greater height. Furthermore, 

some studies investigate the visual control of a jump shot effectivity because this determinant 

of basketball shooting is considered important [11-12]. Training the visual control forces 
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players to learn to use the visual information about the rim in a shorter time (up to 400 ms). It 

means that players have more time to perceive other factors that relate to the game. 

Scientific literature mentioned above assessing the kinematic and physical parameters of a jump 

shot presents only shots taken without any action before shooting (dribbling or cutting—no 

pull-up jump shots or catch-and-shoot jump shots). Measuring kinematic and physical 

parameters of a jump shot that are more similar to real game conditions is absent (e.g., catch-

and-shoot situation after a cut). Moreover, comparing these parameters between gender is even 

less studied having in mind the differences between male and female in physical performance. 

The novelty and uniqueness of the current study is in the documented selected kinematic 

variables of the jump shot after making a cut and receiving a ball. Therefore, this study aims to 

compare the selected kinematic variables of a basketball jump shot (separately for 2-point and 

3-point shots) after receiving the ball (catch-and-shoot situation after a cut) and ascertain the 

differences be-tween the elite U16 and U18 male and female basketball players, and between 

successful and unsuccessful shots. It was hypothesized that differences in selected kinematic 

variables will be observed between 2-point and 3-point shots regarding different categories and 

success of the shots. 

 

2. Materials and Methods  

2.1. Participants 

Fifty-eight basketball players participated in this study. Due to some technical issues with 

equipment and incorrect data, ten subjects were removed from the final data analysis. After 

removing ten players, forty-eight Croatian elite young basketball players were included in the 

research. All selected players were chosen for a wider national selection for the 2017 European 

Championship in U16 and U18 male and female categories. Sixteen male basketball players 

were members of the U16 team (U16M) with an average age 15.4 ± 0.6, body height 192.6 ± 

6.3 cm, and body mass 80.5 ± 9.8 kg. Fourteen male basketball players were members of the 

U18 team (U18M) with average age 17 ± 0.7, body height 197.9 ± 7.9 cm, and body mass 87.5 

± 9.3 kg. The U16 female team (U16F) included eleven basketball players with average age 

15.5 ± 0.9, body height 178.3 ± 5.7 cm, and body mass 69 ± 9.1 kg. The U18 female team 

(U18F) included seven basketball players with average age 17 ± 0.8, body height 176.5 ± 7.4 

cm, and body mass 74.2 ± 8.8 kg. Participants had no injuries that could have affected their 

shooting performance. Players were informed about this study’s goals, participated voluntarily, 

and signed the informed consent (in the case of a minor, a legal representative). The study was 
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conducted in accordance with the Declaration of Helsinki and following the ethical standards 

of the University of Zagreb (ethical approval number: 113/2016).  

2.2. Procedure 

Before each testing session, the players did a standardized warm-up, consisting of jogging with 

dribbling, shooting, lay-ups, and dynamic stretching. After the warm-up, players shot freely for 

5 min—pull-up jump shots or catch-and-shoot jump shots. Each player performed four 2-pt 

shots from the right side and four 2-pt shots from the court’s left side. The horizontal distance 

of the two shots on each side of the basket was approximately 4 m with an angle of 0° from the 

backboard. For the other two shots, the distance was approximately 4.9 m with an angle of 60° 

from the backboard (“elbow of the paint”). In a 2-pt shooting, player run from the first cone 

(1.8 m from baseline and 3.5 m from sideline), behind the second (3.75 m from baseline and 

3.3 m from sideline) and third cone (5.7 m from baseline and 4.2 m from sideline) (Figure 1A), 

and vice versa (Figure 1B). Players also perform two 3-pt shots from the spot close to both 

corners of the court. All shots have been taken after a pass and after the player run around the 

cones to the marked shooting spot (catch-and-shoot situation). With a 3-pt shooting, the player 

run from underneath the basket to the corner of the court (see Figure 2). Player shot after a pass 

from an assistant coach (approximate distance 6.6–6.75 m). If the pass was not accurate (outside 

the shooting pocket), the player repeated the attempt. There was a rest period of at least 30 s 

between each attempt on each side. The player first attempted four 2-pt shots from one side of 

the court, then from the other side, and then moved to a 3-pt shooting where the player first 

attempted 2 shots from one side and then 2 attempts from the other side. The players have been 

instructed to shoot directly to the hoop (not a bank shot) with their natural technique as they do 

in training and during games, and before each measurement, they had several warm-up 

attempts. 

For analysis of selected kinematic variables of jump shots, the MNV BIOMECH Awinda 

inertial system (Xsens Technologies B.V., Enschede, The Netherlands) was used. The player 

wore a full-body suit equipped with 17 wireless motion trackers (sampling frequency 60 Hz) to 

ensure full 3D motion analysis. Detailed movement analysis was done using the MVN Studio 

BIOMECH software (Xsens Technologies B.V., Enschede, The Netherlands). Calibration of 

sensors was set in N-pose. If calibration was rated less than successful it is repeated. After 

calibration and before start of measuring and each shot, subject was pleased to raise arms 

(approx. 90° and 180°) to assure that system is measuring correctly, sensors are in good position 

and calibration was indeed successful. If change of values occur during measuring or sensor 

moves from initial position calibration was repeated. If movement is very fast and long lasting, 
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multiple calibration should be performed for assuring correct data. Reprocessing of data after 

recording reduce errors of sensor positioning. Although measuring and data extraction is faster 

than previous methods, it is very important to be consistent in correct positioning of body 

segments and sensors. Calibration lasts more than 30 s which can significantly affect time and 

measurement protocol if there is need of multiple trials. Subject is standing under the basket 

pointing toward corner (3-pt shot). X-axis represents anterior-posterior movement regard to 

basket. Because the moment when the ball was received and released from the hand could not 

be identified by the software MVN Studio BIOMECH, the digital cameras Garmin VIRB 

ULTRA 30 (Garmin International, Inc., Olathe, KS, USA) were used (sampling frequency 60 

fps). The video was used for qualitative purposes. There was no synchronization between 

camera and Xsens. To measure other parameters, i.e., the ball’s entry angle (when the ball is 

approaching the rim) and the player’s contact time with the ball, the 94fifty ball (InfoMotion 

Sports Technologies Inc., Dublin, Ohio, USA) was used. Ball contains nine accelerometers 

inside which can detect force (a 360-degree view of it) and speed, ball rotation and ball arc. 

Ball has a data transmission time of 100 milliseconds. The validity and reliability of 94fifty ball 

were investigated in studies by Abdelrasoul et al. [13] and Rupčić et al. [14]. 

 

Figure 1. (A): 2-pt shooting after curl-cut with the angle of 60° from the backboard. (B): 2-pt 

shooting after curl-cut with the angle of 0° from the backboard. 
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Figure 2. (A): 3-pt shooting after curl-cut from the left side. (B): 3-pt shooting after curl-cut 

from the right side. 

2.3. Variables 

During the jump shot, selected kinematic and physical parameters were observed: (a) center of 

mass when catching the ball (cm); (b) center of mass minimum with the ball (Z-axis—vertical 

direction) (cm); (c) shoulder angle at ball release (SA) (°); (d) entry angle of the ball when 

approaching the rim (EA) (°); (e) player shooting speed (contact time with the ball) (PSS) (s); 

(f) center of mass anterior-posterior displacement—when both feet touch the ground (X-axis—

towards the basket) (cm). The last-mentioned variable (f) was set only for 3-pt shots. Two 

variables were computed. The first one was the difference between the center of mass when 

catching the ball and the center of mass minimum with the ball and was termed (g) center of 

mass difference Z-axis (CoMDZ) (cm). The second one was the difference between the center 

of mass when catching the ball and the center of mass anterior-posterior displacement and was 

termed (h) center of mass difference X-axis (CoMDX) (cm). Variables included in statistical 

analysis: (c–e), (g), and (h). 

2.4. Statistical Analysis 

An a priori analysis using G*Power software (version 3.1.9.2; Heinrich Heine University 

Düsseldorf, Düsseldorf, Germany) for ANOVA (using an effect size of 0.25, alpha value of 

0.05, and power of 0.80) recommended a sample size of 175. Overall, 573 shots were analysed, 

while 381 shots were for 2-pt and 192 shots were for 3-pt. The successfulness of all shots was 

also recorded and included in the analysis. Descriptive statistics were used, and data are 

expressed as a mean ± standard deviation. Shapiro-Wilk’s test assessed the normality of 

distribution, and Levene’s test evaluated the homogeneity of variance. When the normality of 
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distribution or homogeneity of variance was violated, the log-transformation of data for 

eliminating non-uniformity was used [15].  

Factorial analysis of variance (ANOVA) (between–between design) was used be-cause it 

simultaneously analyses the differences in the dependent variables between groups of subjects 

and between the effectivity of shots [16]. Therefore, the 4 × 2 design (two-way) was applied, 

where one main factor was a group of players (U16M, U18M, U16F, and U18F), and the other 

one was a shot effectivity (successful, unsuccessful). Moreover, the interaction of these two 

factors on the dependent variable was used because it can combine the effect of the factors on 

the dependent variable. If ANOVA detected any significant differences, the Tukey HSD post 

hoc test comparisons were carried out. Mean difference (MD), and 95% confidence intervals 

for post hoc comparison were also determined. The size of the effect was determined by partial 

eta squared (η2p), which is suggested by Lakens [17] and Richardson [18]. Partial eta squared 

values of 0.01, 0.06, and 0.14 indicated a small, medium, and large effect of the measurement 

[19]. Differences between 2-pt and 3-pt shots for each category separately were assessed by 

independent t-test and additionally by Cohen’s d. Cohen’s d values were interpreted as 0.2 for 

small, 0.5 for medium, and 0.8 for large effect size [19]. The level of statistical significance 

was set at α = 0.05. For all statistical analyses, software IBM SPSS Statistics 24 (IBM Corp., 

Armonk, NY, USA) and Statistica 13.2 (StatSoft Inc., Tulsa, OK, USA) were used. 

 

3. Results 

3.1. Differences in Categories in 2-pt Shooting 

Table 1 provides descriptive statistics for selected kinematic variables. CoMDZ was higher but 

insignificant in successful shooting attempts compared to unsuccessful ones (F1,373 = 2.4, p = 

0.12, η2p = 0.006). Significant differences with large effect size in CoMDZ were detected 

between individual age categories of men and women (F3,373 = 14.3, p < 0.001, η2p = 0.103). 

The U18F category shot with the smallest difference in the center of mass displacement. A 

pairwise comparison of categories showed differences between the categories: U16M vs. U16F, 

p < 0.001, MD = 4.3, 95% CI (2.2, 6.4); between U16M vs. U18F, p < 0.001, MD = 5.1, 95% 

CI (2.7, 7.5); between U18M vs. U16F, p = 0.01, MD = 2.5, 95% CI (0.4, 4.7); between U18M 

vs. U18F, p = 0.003, MD = 3.3, 95% CI (0.9, 5.8). For interaction effect, difference was not 

detected (F3,373 = 1, p = 0.38, η2p = 0.008). 

There was no significant difference between successful and unsuccessful shooting attempts in 

the variable SA (F1,368 = 0.09, p = 0.76, η2p < 0.001). SA was almost the same for successful 

and unsuccessful shots. However, the difference in SA was significant between the individual 
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age categories of men and women with large effect size (F3,368 = 15.9, p < 0.001, η2p = 0.115). 

Pairwise comparison of categories using Tukey HSD test showed statistical differences: 

between categories U16M vs. U16F, p < 0.001, MD = 7.0, 95% CI (3.0, 11.0); between U18M 

vs. U16F, p < 0.001, MD = 10.5, 95% CI (6.4, 14.6); between U18M vs. U18F, p < 0.001, MD 

= 7.9, 95% CI (3.2, 12.7). Differences in SA in interaction effect were not significant (F3,368 = 

0.5, p = 0.72, η2p = 0.004). 

EA was higher in successful shooting attempts compared to unsuccessful shooting attempts. 

However, the difference was insignificant (F1,372 = 2.7, p = 0.1, η2p = 0.007). Significant 

differences with large effect size were recorded between the observed categories U16M, U18M, 

U16F, and U18F (F3,372 = 13.4, p < 0.001, η2p = 0.098). Pairwise comparison of categories 

showed differences: between categories U16M vs. U18M, p = 0.002, MD = 2.6, 95% CI (0.8, 

4.4); between U16M vs. U16F, p < 0.001, MD = 4.5, 95% CI (2.5, 6.4); between U16M vs. 

U18F, p < 0.001, MD = 4.2, 95% CI (2.0, 6.5). Interaction effect was also insignificant (F3,372 

= 1.1, p = 0.34, η2p = 0.009). 

PSS was very similar for successful and unsuccessful shots, with minimal difference. there were 

no differences identified in shooting speed between successful and unsuccessful shots (F1,373 = 

1.5, p = 0.22, η2p = 0.004). There were no differences between the categories (F3,373 = 1.4, p = 

0.25, η2p = 0.011) or the interaction effect (F3,373 = 0.3, p = 0.85, η2p = 0.002). 

Table 1. Descriptive statistics of selected kinematic variables for 2-pt shooting according to 

efficiency and category. 

  CoMDZ (cm) SA (°) EA (°) PSS (s) 

Efficiency Category M ± SD M ± SD M ± SD M ± SD 

Successful U16M 6.5 ± 6.2 110.9 ± 10.4 35.0 ± 6.0 0.83 ± 0.09 

 U18M 5.1 ± 5.8 113.8 ± 11.4 32.2 ± 3.9 0.83 ± 0.1 

 U16F 2.5 ± 6.8 102.7 ± 7.7 31.6 ± 5.4 0.85 ± 0.09 

 U18F 0.4 ± 6.4 104.3 ± 13.3 31.8 ± 5.5 0.85 ± 0.11 

 Total 4.2 ± 6.6 108.9 ± 11.6 32.9 ± 5.4 0.84 ± 0.1 

Unsuccessful U16M 5.1 ± 5.1 109.5 ± 13.8 34.9 ± 5.8 0.84 ± 0.09 

 U18M 3.1 ± 5.2 113.4 ± 11.4 32.5 ± 5.2 0.84 ± 0.1 

 U16F 0.8 ± 5.7 103.3 ± 7.5 29.7 ± 5.1 0.87 ± 0.08 

 U18F 1.2 ± 6.4 107.0 ± 10.7 29.6 ± 6.4 0.85 ± 0.11 

 Total 2.9 ± 5.7 108.8 ± 12.0 32.2 ± 5.9 0.85 ± 0.09 
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Total U16M 5.7 ± 5.6 bc 110.0 ± 12.5 b 34.9 ± 5.9 abc 0.84 ± 0.09 

 U18M 3.9 ± 5.5 bc 113.6 ± 11.4 bc 32.3 ± 4.7 0.84 ± 0.1 

 U16F 1.4 ± 6.1 103.1 ± 7.6 30.4 ± 5.2 0.86 ± 0.08 

 U18F 0.6 ± 6.3 105.6 ± 12 30.7 ± 6.0 0.85 ± 0.11 

 Total 3.5 ± 6.1 108.8 ± 11.8 32.5 ± 5.7 0.85 ± 0.1 

Legend: M—mean, SD—standard deviation; a—difference when compared to U18M, b—

difference when compared to U16F, c—difference when compared to U18F. 

3.2. Differences in Categories in 3-pt Shooting 

Descriptive statistics of selected kinematic variables for 3-pt shooting are given in Table 2. 

There were no differences in shooting efficiency (F1,184 = 0.4, p = 0.51, η2p = 0.02) recorded in 

the CoMDZ variable between categories (F3,184 = 0.3, p = 0.84, η2p = 0.05), nor in the interaction 

(F3,184 = 0.2, p = 0.87, η2p = 0.04). 

The differences in SA were small and insignificant between successful and unsuccessful 

shooting attempts (F1,183 = 1.9, p = 0.17, η2p = 0.01). ANOVA detected a significant difference 

and large effect size between categories (F1,183 = 9.3, p < 0.001, η2p = 0.13). Pairwise 

comparison using the Tukey HSD test showed differences: between U16M vs. U16F, p < 0.001, 

MD = 12.1, 95% CI (5.6, 18.6); between U18M vs. U16F, p < 0.001, MD = 16.2, 95% CI (9.5, 

22.8); between U18M vs. U18F, p < 0.002, MD = 10.9, 95% CI (3.3, 18.5). The difference in 

SA in interaction was not significant and the effect size was small (F3,183 = 0.8, p = 0.49, η2p = 

0.01). 

EA was higher in successful shooting attempts compared to unsuccessful shooting attempts. 

The difference was significant, the effect size indicates a small effect between the average EA 

values (F1,183 = 6.0, p = 0.02, η2p = 0.03). The difference between the categories was 

insignificant in EA (F3,183 = 1.9, p = 0.13, η2p = 0.03), similarly as for the interaction (F3,183 = 

0.6, p = 0.6, η2p = 0.01). 

The PSS variable was lower for successful than for unsuccessful shooting attempts, but the 

difference was insignificant (F1,183 = 0.6, p = 0.46, η2p = 0.03). Differences were also noted 

between the categories and the effect size indicated a medium effect (F3,180 = 4.3, p = 0.06, η2p 

= 0.067). No significant differences were identified in the interaction (F3,180 = 0.5, p = 0.65, η2p 

= 0.009). Pairwise comparison using Tukey HSD test showed specific differences between the 

U16M vs. U18F categories, p = 0.03, MD = 0.07, 95% CI (0.02, 0.12), and between U16F vs. 

U18F p = 0.02, MD = 0.08, 95% CI (0.02, 0.13).  
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In CoMDX, there was no difference between successful and unsuccessful shooting attempts 

(F1,182 = 0.02, p = 0.88, η2p < 0.01). There were also insignificant differences between the 

categories, but the effect size indicates a large effect (F3,182 = 2.2, p = 0.09, η2p = 0.34). 

Differences in the interaction were identified as insignificant (F3,182 = 1.6, p = 0.2, η2p = 0.03). 

Table 2. Descriptive statistics of selected kinematic variables for 3-pt shooting according to 

efficiency and category. 

  CoMDZ (cm) SA (°) EA (°) PSS (s) CoMDX (cm) 

Efficiency Category M ± SD M ± SD M ± SD M ± SD M ± SD 

Successful U16M 1.8 ± 5.2 114.8 ± 16.2 43.7 ± 4.8 0.96 ± 0.12 18 ± 12.5 

 U18M 0.4 ± 4.8 115.2 ± 14.6 43.1 ± 4.2 0.9 ± 0.04 13.4 ± 11.1 

 U16F 2.2 ± 6.3 103.4 ± 10.3 44.3 ± 4.3 0.93 ± 0.08 21.6 ± 13.9 

 U18F 1.3 ± 4.2 111.4 ± 11.8 46.7 ± 4.3 0.89 ± 0.12 15.9 ± 10.2 

 Total 1.4 ± 5.1 112.3 ± 14.5 44.0 ± 4.5 † 0.93 ± 0.1 17 ± 12.1 

Unsuccessful U16M 0.2 ± 6.8 111.6 ± 14.5 42.6 ± 4.6 0.95 ± 0.08 13.4 ± 11.1 

 U18M 0.7 ± 5.4 117.3 ± 11.6 42.4 ± 4.1 0.93 ± 0.06 14.4 ± 14.8 

 U16F 1.3 ± 6.5 99.7 ± 10.6 41.1 ± 4.9 0.97 ± 0.06 18.4 ± 9.3 

 U18F 0.9 ± 4.6 103.9 ± 9.5 44 ± 4.3 0.88 ± 0.11 24 ± 13.2 

 Total 0.7 ± 6.0 109.1 ± 13.8 42.4 ± 4.5 0.94 ± 0.08 16.5 ± 12.7 

Total U16M 0.7 ± 6.4 112.6 ± 15 a 43 ± 4.6 0.95 ± 0.1 b 14.8 ± 11.7 

 U18M 0.6 ± 5.2 116.7 ± 12.4 ab 42.6 ± 4.1 0.92 ± 0.06 14.1 ± 13.8 

 U16F 1.5 ± 6.4 100.5 ± 10.5 41.9 ± 4.9 0.96 ± 0.06 b 19.1 ± 10.4 

 U18F 1.0 ± 4.5 105.8 ± 10.4 44.7 ± 4.4 0.88 ± 0.11 22 ± 12.8 

 Total 0.9 ± 5.8 110. ± 14.1 42.9 ± 4.6 0.93 ± 0.09 16.7 ± 12.5 

Legend: M—mean, SD—standard deviation; a—difference when compared to U16F, b—

difference when compared to U18F, †—difference when compared to unsuccessful shots in 

total. 

3.3. Differences between 2-pt and 3-pt Shooting 

Differences between 2-pt and 3-pt shooting are presented in Table 3. The efficiency of 2-pt and 

3-pt shooting of individual categories is depicted in Figure 3. Significant differences and large 

effect size between 2-pt and 3-pt shooting in U16M were in the variables of CoMDZ (p < 0.001; 

d = 0.83), EA (p < 0.001; d = −1.35), and PSS (p < 0.001; d = −119). There were no differences 

found in SA in all categories (p > 0.05). In the U18M category, there was difference between 
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2-pt and 3-pt shooting in the variables CoMDZ, EA, PSS (p < 0.001; d = 0.63, −2.23, −1.01). 

In the U16F category, the difference between 2-pt and 3-pt shooting was not significant in the 

variables CoMDZ and SA (p > 0.05). There was difference in the variables EA and PSS (p < 

0.001). In the U18F category, the difference between 2-pt and 3-pt shooting was significant 

only in the EA variable (p < 0.001; d = −2.57. In the other variables (CoMDZ, SA, PSS), the 

difference was not significant (p > 0.05). 

Table 3. Differences in kinematic variables between 2-pt and 3-pt shooting in individual 

categories. 

Category CoMDZ (cm) SA (°) EA (°) PSS (s) 

 p d p d p d p d 

U16M < 0.001 0.83 0.570 −0.09 < 0.001 −1.35 < 0.001 −1.19 

U18M < 0.001 0.63 0.107 −0.26 < 0.001 −2.23 < 0.001 −1.01 

U16F 0.913 −0.02 0.111 0.31 < 0.001 −2.04 < 0.001 −1.32 

U18F 0.755 0.08 0.956 −0.01 < 0.001 −2.57 0.248 -0.27 

 

Figure 3. Efficiency of 2-pt and 3-pt shooting in individual categories. 

4. Discussion 

The main finding of the study is that female and male basketball players use different shooting 

techniques. We found out differences in 2-pt shooting in variable CoMDZ, SA, and EA between 

male and female categories. In the 3-pt shooting, we found out differences between male and 

female categories in variable SA and based on the effect size in variable CoMDX. Player 

shooting speed was higher in all categories (except U18F) when shooting for 3-pt. Therefore, 

our hypothesis that differences in selected kinematic variables will be observed between 2-point 

and 3-point shots regarding different categories and success of the shots can be partially 
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accepted having in mind that we did not found differences between successful and unsuccessful 

shots. 

4.1. Differences in Categories in 2-pt Shooting 

We did not find differences between successful and unsuccessful 2-pt shots in CoMDZ, SA, 

EA, and PSS based on statistical analyses. These findings correspond to the results of Uygur et 

al. [20] who also did not find differences in selected kinematic parameters (elbow, trunk, knee, 

and ankle joint angles) for free throw shooting between successful and unsuccessful attempts. 

In the CoMDZ variable, differences were identified between the individual categories (U16M 

vs. U16F, U16M vs. U18F, U18M vs. U16F, U18M vs. U18F). In male basketball players, in 

both categories, the difference between the center of mass displacement when catching the ball 

and the lowest point of the center of mass was greater than that of female players. The reason 

could be that male players release the ball during a jump shot from a greater height, and 

therefore a greater power impulse must be given to the lower limbs than it is for the female 

players [21]. On the other hand, the ball release height also affects the angle at which the ball 

is released [22]. A larger SA at the time of ball release was found in the male categories. The 

differences were between U16M vs. U16F, U18M vs. U16F, U18M vs. U18F. The lower SA 

in female players may be caused by the maximum flexed position adopted during the 

preparatory phase, which is also related to the lower entry angle of the ball [23]. In the male 

categories, SAs are presented lower than in the studies of Okazaki and Rodacki [8], Okazaki 

and Rodacki [24], Rojas et al. [10], namely 118.6°, 119.06°, 136.95°, respectively. In the above 

research, it was a set shot, except for Rojas et al. [10], where the shooting was carried out after 

a pass. The differences may have been due to higher age and greater experience of the players, 

as the mentioned studies involved adult players at the age of about 25 (except for Khlifa et al. 

[25]. This statement was also confirmed by Button et al. [26] and found greater consistency in 

kinematic patterns of free throws for players who had more experience in competitive games. 

Okazaki and Rodacki [24] report SA in 12-year-old children 102.54°, which confirms our 

assumptions. Female players shot with a lower SA as stated by Elliott and White [23], 113.8°, 

but we again attribute the difference to age and experience, as they were professional players. 

SA may also depend on the presence of a defender, as confirmed by Rojas et al. [10], and 

players in the presence of a defender shot with a larger SA than without the defender. 

In the variable EA, differences were recorded between category U16M and categories U18M, 

U16F, and U18F. Male players shot with more EA than female players. However, these EA 

values are lower compared to Rupčić et al. [14], where EA was 42.28° in male players U16. 
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The difference may also be that in the mentioned research, players shot from distances of 6 m 

and 6.75 m, and the given value is the average of shots from both distances. Nevertheless, the 

average angles of the U18M, U16F, and U18F categories appear to be too small, so it is possible 

that players in these categories had to shoot with more rotation of the ball to increase the chance 

of a successful shot. The entry angle of the ball entering the basket is considered one of the 

main criteria for a successful shot. As the EA of the ball increases, the width of the basket 

increases [27,8]. Therefore, the smaller EA is probably related to the smaller SA, which was 

observed in all categories. Based on the results, the lower EA is characteristic of young players, 

where the parabola of the trajectory of the shot ball is lower. We assume that reducing the rim 

diameter can be a good tool for young players, where players would have to shoot with a larger 

SA, and thus their EA would also increase. For example, in a study by Khlifa et al. [25], a 

reduction rim diameter of 0.35 m (regular rim diameter is 0.45 m) was used, where the 

minimum EA for the direct shot was 44.48°. 

No differences between categories were found in the PSS. Male and female players shot at 

about the same time from catching the ball to the release phase of the ball. PSS corresponds to 

the results of studies by Gorman and Maloney [28], van Maarseveen [29] and Oudejans [12]), 

Rojas et al. [10], and Rupčić et al. [14], where the PSS was ~ 0.82 s, 0.896 s, 0.86 s, and 0.82 

s, respectively. Okazaki and Rodacki [8], Okazaki and Rodacki [24], and Podmenik et al. [30] 

reported slightly lower PSS: 0.74 s, 0.77 s, and 0.73 s, respectively. Shots in the research, 

Okazaki and Rodacki [8,24] and Podmenik et al. [30] were not performed after the previous 

pass, which could have caused the difference just mentioned. As a result, players need more 

time to catch and shoot the ball than when they are already holding the ball in their hands. 

From a practical point of view, PSS is significant because the shorter the time interval from 

catching the ball after passing to the moment the ball is released towards the basket, the more 

difficult it is for the defender to block a jump shot [31,10]. The PSS will also be affected by 

using the ground reaction force. If players cut and get into a catch and shoot situation, they need 

to transform the horizontal movement into a vertical one by using the ground reaction force in 

best possible way. Krause et al. [32] recommend that if a player wants to make a jump shot as 

quickly as possible, he should get into a low center of mass position with slightly bent lower 

extremities before receiving the ball. 

4.2. Differences in Categories in 3-pt Shooting 

There were no differences between the successful and unsuccessful 3-pt shots in the variables 

CoMDZ, SA, PSS, CoMDX. Differences between successful and unsuccessful attempts were 
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recorded in the EA parameter. The EA of the ball was on average 1.6° greater in successful 

attempts than in unsuccessful ones (44° vs. 42.4°). In both cases, however, EA can be 

considered sufficient, with unsuccessful shots having a lower release velocity of the ball, which 

is associated with higher shooting successfulness [33,22]. 

When comparing the differences in CoMDZ, there were no differences noted between the 

individual categories. It could be because young male and female players release the ball at a 

lower vertical point when shooting for 3-pt than for 2-pt. In SA, differences were observed 

between the categories U16M vs. U16F, U18M vs. U16F, and U18M vs. U18F. The difference 

in SA between the categories may have been due to a greater flexion in the elbow joint in female 

players, a forward movement of the dominant foot, and a greater horizontal shift in the center 

of mass [34,23]. The SA is similar in the male categories compared to Okazaki and Rodacki [8] 

and [7], where the SA was 117.5° and 123.3°, respectively. In these studies, however, players 

shot from a distance of 6.4 m. No differences were found between the individual categories in 

the variable EA. All players shot with about the same EA. The lowest EA was achieved in the 

U16F category. A similar EA is reported by Dobovičnik et al. [35], where it reached an average 

value of 41.58° for male players U18, which is in line with our findings. PSS was different in 

each category. Differences were recorded between the categories U16M vs. U18F and U16F 

vs. U18F. The U18F players achieved the fastest shooting. The PSS is larger than reported by 

Dobovičnik et al. [32], Okazaki and Rodacki [8], Podmenik et al. [30], and Gorman and 

Maloney [25]: 0.79 s, 0.67 s, 0.64 s and ~ 0.81 s, respectively. In the studies of Okazaki and 

Rodacki (2012), and Podmenik et al. [27], players performed a jump shot while already holding 

the ball in their hands. In the study of Dobovičnik et al. [32] and Gorman and Maloney [28], 

players stood in place waiting for a pass, after which they immediately made a jump shot. In 

our case, the players had to make a curl cut for the ball and only then received a pass, after 

which they could shoot. It reflects that player need more time to coordinate their movement 

after the previous cut and subsequent pass. It is a more demanding motor task, which is greatly 

influenced by the previous activity (curl cut). 

No difference was found between the categories in CoMDX, but the effect size indicated a large 

effect. However, when we look at the results, the female players shot with a larger displacement 

of CoM in the horizontal direction than the male players. The reason may be less power in lower 

and upper extremities. The consequence is then the forward movement of the dominant foot 

when stopping, and thus a larger displacement of the CoM in the horizontal direction occurs, 

which corresponds to Elliott [34]. Podmenik et al. [30] reported CoM displacement toward the 

basket with a distance of 6.75 m at the level of 30 cm. Elliott and White [23], and Okazaki and 
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Rodacki [8] found a slightly higher CoM horizontal displacement from a distance of 6.4 m, 

namely, 40.4 cm and 50.3 cm, respectively. The differences concerning the studies mentioned 

above could have been due to the curl cut, which players had to perform before a pass. It means 

that after the curl cut, players try to transform the horizontal movement into a vertical one and 

minimize the displacement toward the basket. 

4.3. Differences between 2-pt and 3-pt Shooting 

Differences between 2-pt and 3-pt shooting were in the categories U16M and U18M in the 

variables CoMDZ, EA, PSS. In the categories U16F and U18F, there were differences in the 

variables EA and PSS (only for U16F). 

It can be speculated that male players do not need to use as much power in the lower limbs for 

a 3-pt shot as in a 2-pt shot. It means that there was less countermovement in the 3-pt shot than 

in the 2-pt shot, which probably also caused to reduce the jump height and earlier release of the 

ball than in the jump height peak [7]. These findings are consistent with Elliott [34][33], and 

Okazaki and Rodacki [8], who argue that premature ball release at the time before reaching the 

jump height peak and lower jump provides the use of some of the jump energy to optimize the 

ball release impulse. These statements are also characteristic of the jump shot of female players. 

Interestingly, SA was slightly higher for 3-pt shots for male players and lower for female 

players. However, the differences were insignificant. Elliott and White [23], Miller and Bartlett 

[7], and Okazaki and Rodacki [8] report a reduction in shoulder flexion with increasing 

horizontal distance. Entry angle of the ball when approaching the rim increased for all 

categories in 3-pt shooting compared to 2-pt shooting. The EA may result from a larger release 

angle along with the release height and release velocity of the ball [35][22]. As the EA 

increases, so does the chance of success, and thus the width of the basket [27][8]. On the other 

hand, Erčulj and Supej [9] point to the negative effect of increasing release angle on shooting 

success. With in-creasing release angle, the flight trajectory of the ball also lengthens, making 

it more challenging to achieve the required accuracy. With a higher release angle, a larger re-

lease velocity of the ball and thus a larger force impulse is required [7]. Players have to 

reorganize the coordination of the body segments to meet the demands of the new task [8]. As 

a result, there may be a more significant failure in 3-pt shooting, as evidenced by our results 

(Figure 3). 

PSS was different between 2-pt and 3-pt shooting in the U16M, U18M, and U16F categories. 

Players in these categories needed more time after the pass to release the ball. We assume that 

the U18F players had approximately the same values in the PSS due to maturity status and their 
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more stable coordination of movements. Players of other categories are still in the 

developmental process (e.g., growth, hormones), and their coordination of movements may not 

be at the same level as in adults. The differences found between 2-pt and 3-pt shooting may 

have occurred because players needed to give more release velocity of the ball and more force 

impulse [7]. In accordance with Dobovičnik et al. [35], players performed excessive movements 

with hands before releasing the ball to optimize the force impulse. In real game conditions, any 

excessive movement can slow players’ shooting speed, giving the defender a better chance to 

close out or block a shot. In this point of view, Vencurik and Nykodym [36] determine that with 

increased defensive pressure, the chances for a successful shot decrease. The results of this 

study confirm the differences in some kinematic variables with other research. In this, we agree 

with the statement of Okazaki et al. [22] that the performance of skills could probably influence 

shooting performance before shooting, such as catching a pass and making a cut. 

Major limitation in the current study is the lack of confounding variables such as morphological 

factors. Therefore, future studies should include morphological factors due to possible influence 

on the results. Nevertheless, this study’s novelty and uniqueness is in the documented selected 

kinematic variables of the jump shot after making a cut and receiving a ball. For more precise 

and general conclusions, more subjects and more measured shots are needed. Further research 

in this area should focus on assessing the kinematic and physical parameters of the jump shot 

in situations that are more similar to real game conditions (e.g., pull-up jump shots, catch-and-

shoot situations after a cut, defended shots). 

5. Conclusions 

Our hypothesis could be accepted having in mind our results concerning categories and success 

of the shots. The current results show that female and male basketball players used different 

shooting techniques. Players in male categories shot with a higher center of mass difference in 

the vertical direction, with a higher release shoulder angle, and with a higher entry angle of the 

ball.  

Moreover, the entry angle of the ball increases in all categories when shooting for 3-pt. It means 

that players need more time for 3-pt shots after receiving a pass when compared to 2-pt shots. 

Therefore, the players are using excessive movements to optimize the shooting technique when 

shooting for 3-pt. Basketball coaches and players should work to minimize the kinematic 

differences between 2-pt and 3-pt shooting to increase the successfulness of shooting from 

longer distances. 
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1. Introduction  

During the competition, there are three essential action options for the next movement when a 

player holds the ball—he/she may dribble, pass, or take a shot (Arias-Estero, 2013). In set 

offense, a player with a proficient dribbling technique is able to break the opponent’s intensive 

defense (e.g., using a crossover, penetration, and spin move), which creates free space to pass 

the ball to his/her teammates thus creating an open shot opportunity for them (Arias, Argudo, 

& Alonso, 2012; Arias-Estero, 2013), or to penetrate to the restricted area (paint). Additionally, 

it has been previously observed that fast break (Christmann, Akamphuber, Müllenbach, & 

Güllich, 2018; Conte, Favero, Niederhausen, Capranica, & Tessitore, 2017; Evangelos, 

Alexandros, & Nikolaos, 2005; Matulaitis & Bietkis, 2021) and transition to offense (Matulaitis 

& Bietkis, 2021; Milanović, Selmanović, & Škegro, 2014) are the most scoring efficient modes 

of attacking, both of which require high-speed dribbling to provide a temporal-spatial advantage 

over the defender while driving to the basket (Conte, et al., 2017). Moreover, Conte, Favero, 

Niederhausen, Capranica, and Tessitore (2016) have pointed out that the proper technique of 

passing and dribbling reduces the number of turnovers and induces more assists (Arias, et al., 

2012). Therefore, it can be said that the effective dribbling technique plays an important role in 

determining the outcome of a match. When it comes to dribbling in basketball, one can 

recognize dribbling in place, dribbling in a straight line, dribbling with a change-of-pace, and 

dribbling with a change of direction (COD) (Krause & Nelson, 2018). Furthermore, it has been 

stated that dribbling with COD is the most frequently used way of dribbling during the 

competition (Cortis, et al., 2011; Fujii, Yamada, & Oda, 2010).  

Given the importance of dribbling technique, various aspects have been investigated so far (Dos 

Santos, Pacheco, Basso, Bastos, & Tani, 2020; Guimarães, et al., 2019; Robalo, Diniz, 

Fernandes, & Passos, 2021). A number of studies investigated the frequency and efficiency of 

dribbling in basketball games and have reported that dribbling skills are constantly used during 

basketball games with elite players dribbling during ~10% of the live time (Andrić, 2011; 

Scanlan, Dascombe, & Reaburn, 2011; Scanlan, Dascombe, Kidcaff, Peucker, & Dalbo, 2015). 

In addition, some other aspects of dribbling skills have been investigated such as skill 

improvement (Dos Santos, et al., 2020; Fujii, et al., 2010), technique evaluation (Conte, et al., 

2020; Jakovljević, Karalejić, Ivanović, Štrumbelj, & Erčulj, 2017; Robalo, et al., 2021), and the 

effect of supplementation on dribbling performance (Scanlan, et al., 2019). Surprisingly, 

literature revealed few studies detecting the influence of fatigue on basketball dribbling 

performance. 
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Basketball is an intermittent high-intensity team sport characterized by short sprints, abrupt 

jumps, shufflings, and CODs, which can lead to acute and accumulated chronic fatigue (Erčulj, 

Blas, & Bračič, 2010; Mancha-Triguero, García-Rubio, Calleja-González, & Ibáñez, 2019; Li, 

Knjaz, & Rupčić, 2021; Mancha-Triguero, García-Rubio, Gamonales, & Ibáñez, 2021). It is 

well understood that fatigue has a negative influence on players’ performance (Calleja-

González, et al., 2016; Erculj & Supej, 2009; Mulazimoglu, Yanar, Tunca Evcil, & Duvan, 

2017; Thorpe, Atkinson, Drust, & Gregson, 2017). Several studies observed the effect of 

different physiological loads on shooting performance, reporting that shooting accuracy 

significantly decreased (Erculj & Supej, 2009; Rupčić, et al., 2020). Similarly, the passing 

performance has been investigated by several studies, showing that passing accuracy decreased 

when players were in the fatigued state (Li, et al., 2021; Lyons, Al-Nakeeb, & Nevill, 2006). 

Consequently, it is specifically important that players maintain a high level of skill performance 

under the influence of fatigue in order to win a game (Conte, et al., 2017).  

With the development of technology, many researchers have used motion capture systems to 

objectively analyze basketball players’ skill execution (Erculj & Supej, 2009; Nakano, 

Fukashiro, & Yoshioka, 2020; Okazaki & Rodacki, 2012; Okubo & Hubbard, 2015; Uygur, 

Goktepe, Ak, Karabörk, & Korkusuz, 2010). In the past, researchers have shown an increased 

interest in the influence of fatigue on kinematics of basketball skills (Erculj & Supej, 2009; 

Uygur, et al., 2010). Erculj and Supej (2009) observed the influence of fatigue on kinematics 

of shooting. Their findings revealed that the position of the release arm and shoulder 

significantly changed when players were shooting under the moderate- and high-intensity 

fatigue conditions (Erculj & Supej, 2009). Uygur et al. (2010) found that fatigue did not affect 

selected kinematic variables of the free throw. To the best of the author’s knowledge, however, 

no previous study has investigated the influence of fatigue on kinematics of basketball dribbling.  

Therefore, there were two primary aims of this study: (1) to determine the effect of fatigue on 

kinematics and kinetics of dribbling with COD and (2) to observe the effect of fatigue on speed 

of dribbling with COD. It was hypothesized that differences in kinematic and kinetic parameters 

as well as in dribbling speed would be observed between dribbling of both types performed in 

the non-fatigued and fatigued state. 

 

2. Methods 

2.1 Participants 

Fourteen Croatian senior basketball players (age: 21.16±3.43 years; height: 188.81±6.88 cm; 

body mass: 87.81±6.06 kg; body fat: 13.34±3.52 %; experience years: 9.42±4.14) belonging to 
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three professional basketball clubs were recruited for this study. Inclusion criteria were regular 

participation in practice sessions and competitions, and the absence of injury in the past 6 

months. Additionally, the inclusion criteria were point guards (n=5), shooting guards (n=4), 

and small forwards (n=5) since basketball is a game in which players have roles specific to 

position-of-play and outside players should have a higher level of fitness related to dribbling 

(Sekulic et al., 2017). Exclusion criteria were power forward and center players. Players 

refrained from heavy training for at least one day preceding testing sessions. Prior to the testing, 

participants were fully informed of the study protocol and provided a written informed consent. 

The obtained data were treated with the greatest confidentiality and scientific rigor, their use 

restricted by the guidelines for research projects following the scientific method required in 

each case, complying with the Organic Law 15/1999 of the 13th of December on the Protection 

of Personal Data (OLPPD); the proceedings used respected the ethic criteria of the Responsible 

Committee of Human Experimentation and the Helsinki Statement of 2008, updated in 

Fortaleza, October 2013 (2013 version). All testing procedures were approved by the Ethics 

Committee of the Faculty of Kinesiology, University of Zagreb (ethical approval 

number:108/2020), according to the ethical standards of the Declaration of Helsinki. 

2.2 Experimental procedures 

2.2.1 Instruments 

In order to monitor the players’ fatigue level, blood lactate concentration was conducted four 

times by a portable lactate analyzer (Lactate Scout 3, manufacturer: SensLab GmbH, Leipzig, 

Germany): before warm-up, after warm-up, after the first testing, and after the fatigue protocol, 

respectively. Additionally, the heart rate was evaluated throughout the testing by the heart rate 

monitor (Polar H10, manufacturer: Polar, Kempele, Finland). The reliability and validity of 

Lactate Scout 3 and Polar H10 were previously confirmed (Tanner et al., 2010, Belić et al., 

2016, Speer et al., 2020, Hinde et al., 2021).  

Kinematic parameters were measured using the Xsens MVN inertial system (Xsens 

Technologies B.V., Enschede, The Netherlands). The players wore a full-body suit equipped 

with 17 wireless motion trackers (sampling frequency of 60 Hz) to ensure a full 3D motion 

analysis. The kinematic parameters were derived from the corresponding MVN Studio 

BIOMECH software (Xsens Technologies B.V., Enschede, The Netherlands). A previous study 

has verified the reliability and validity of Xsens kinematic suit for the kinematic analysis of 

basketball skills (Robert-Lachaine, Mecheri, Larue, & Plamondon, 2017). In addition, it was 

used in previous studies for measuring similar data on the basketball court (Li, et al., 2021; 

Slawinski, et al., 2018). 
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For kinetic analysis pressure insoles were inserted in the participants’ shoes for pressure 

detection with the sampling rate of 100Hz (Novel Pedar model W, Germany). Insoles are thin 

and light (2mm), having minimal influence on players’ performance during testing, which is 

particularly important during a very dynamic COD in dribbling. Data were derived from the 

corresponding Novel software (Loadsol analysis 25.3.6). Previous studies have confirmed the 

reliability and validity of the Novel pressure insoles for analyzing foot pressure in sports 

(Sorrentino, et al., 2020; Stricker, Scheiber, Lindenhofer, & Müller, 2010). The standard 

calibration of pressure insoles was performed according to the manufacturers’ instructions 

(Novel GmBh, Munich).  

Players were asked to dribble and change direction as fast as possible. Their time was recorded 

by photocells (WittyGate, Microgate, Bolzano, Italy). The reliability and validity of photocells 

were proved and used by previous studies (Balsalobre-Fernández, et al., 2019; Doyle, Browne, 

& Horan, 2020).  

2.2.2 Protocol 

This study used a repeated measurements study design—measurements of kinetic and 

kinematic parameters of CODs in dribbling were conducted first in the non-fatigued and then 

in the fatigued state. All the fourteen players underwent the same protocol: they had one day of 

rest before the testing that consisted of the following: warm-up, a non-fatigued dribbling test, a 

fatigue protocol, and a fatigued dribbling test. 

Prior to the testing procedure, basic anthropometric measurement was executed and data were 

used for the systems calibration, performed according to the instruction of the manufacturer 

(Xsens Technologies B.V., Netherlands). In order to ensure that all the participants were 

familiarized with the testing protocol, the warm-up consisted of five minutes of jogging, five 

minutes of dynamic stretching, and five minutes of low intensity dribbling consistent with the 

testing protocol. Afterwards, the calibration was conducted according to the manufacturers’ 

instructions and the players were asked to stand in N-pose. After the calibration and 

synchronization, the players were asked to abduct their arms (up to first approx. 90° and then 

180°) to ensure that the system was correctly calibrated, followed by the dribbling testing. In 

order to synchronize both the kinetic and kinematic systems, the players were asked to lift either 

left or right leg three times off the ground just before starting dribbling. That was the signal for 

the alignment of time-lapse of both systems. 

The dribbling testing protocol is presented in Figure 1. The players dribbled the ball with their 

right hand from the start line until the finish line in full speed. They changed movement 

directions when they approached the cones (from cone 1 to cone 8). The skill of the front COD 
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in dribbling was performed at cones 1, 2, 5, and 6, and the spin move was performed at cones 

3, 4, 7, and 8. Distance between the middle of the start line and the court baseline was 2.10 

meters and distance between each two cones, where the players changed direction, was 6.10 

meters. The photocells were placed at the start and finish line for measuring dribbling speed. 

Figure 1 The illustration of the dribbling protocol 

After the first dribbling test (non-fatigued state), the players were asked to perform the fatigue 

protocol: a 300-meter shuttle run (15 × 20 m with COD of 180°). This fatigue protocol was 

employed due to having similarities with actual game situations in which a player runs forward 

and backward consecutively and its reliability has been previously verified (Callister, et al., 

2010; Sporiš, et al., 2014). During the 300-meter shuttle run, the players were instructed to 

sprint as fast as possible and the sprint time was recorded by photocells (WittyGate, Microgate, 

Bolzano, Italy). Afterwards, the players performed the dribbling task once again so that we can 

observe the difference in dribbling kinematic and kinetic COD performance between the non-

fatigued and fatigued states. 

2.3 Variables 

Analysis of kinematic and kinetic variables was conducted on two elements of dribbling: front 

change and spin move. These two types of COD have been previously identified as the basic 

dribbling techniques (Krause & Nelson, 2018). The following variables were measured: 

The dribbling time the players spent on completing the testing protocol (in seconds). 

For the front COD: the minimum pelvis position (PP min) (cm), the maximum pelvis position 

(PP max) (cm), and the average pelvis position (PP aver) (cm)  at the moment when the players 

performed the front COD; the minimum angle in the knee joint of the outside leg (KA min) (°); 

the maximum angular velocity in the knee joint of the outside leg during the concentric phase 

(Knee_AV max) (°/s); the maximum angular velocity in the wrist joint (Wrist_AV max) (°/s) from 
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the point that the players flexed their outside hand to switch the ball to their inside hand; the 

first step velocity (FSV) (cm) at the moment the player started to move to the reverse direction 

(COD has been performed); the maximum force of the outside foot during the concentric phase 

(Force max) (N). Figure 2 demonstrated the movement pattern of the front COD. 

 

Figure 2 The movement pattern of the front change of direction 

For spin move: the minimum pelvis position (PP min) (cm), the maximum pelvis position (PP 

max) (cm), and the average pelvis position (PP aver) (cm) at the moment when the players 

performed spin move; the maximum velocity of the pelvis at the moment when the players 

performed spin move by rotating their pelvis (PV max) (m/s); the minimum angle in the knee 

joint of the inside leg (KA min) (°); the maximum angular velocity in the knee joint of the inside 

leg during the concentric phase (Knee_AV max) (°/s); the velocity of the first step (FSV) (m/s); 

the maximum force of the inside foot during the concentric phase (Force max) (N). Figure 3 

demonstrated the movement pattern of the spin move. 

 

Figure 3 The movement pattern of the spin move 

2.4 Statistical analysis  

With the use of the G*power program, the sample size (the number) of dribbles needed for 

inferential statistical analysis was calculated (n = 98) at statistical significance of p˂.05; 

statistical power 0.8; effect size 0.3, and two groups. Kinematic and kinetic parameters of 

dribbling were measured in every COD performance during a dribbling execution (giving a 
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total of 224 CODs performed, 56 of each type in each state of fatigue). Unfortunately, six of 

each type in each state of fatigue (24 CODs) were excluded from the final analysis due to some 

technical issues with the equipment or movement pattern execution. Overall, a total of 200 

properly executed and measured CODs (50 of each type in each state of fatigue) was analyzed 

in this study. 

All analyses were executed in the statistical package Statistica, version 13.5.0.17 (TIBCO 

Software Inc, Palo Alto, CA, USA; release date: November 2018). Values were expressed as 

mean ± standard deviation. Basic descriptive parameters were calculated for all the measured 

variables. The normality of the data distribution was confirmed by a Shapiro-Wilk test. To 

verify the differences in the kinematic variables between the fatigued and non-fatigued states, 

an analysis of variance (ANOVA) for repeated measurements was applied. To determine the 

difference in dribbling speed between the non-fatigued and fatigued states, a t-test for dependent 

samples was conducted and the effect size was determined using the Cohen’s d. The level of 

statistical significance was set at α=.05. 

 

3. Results 

3.1 Front COD 

Table 1 shows that there was a significant difference between the fatigued and non-fatigued 

state (p=0.000).  

Table 1. The results of ANOVA for repeated measurements (for groups). 

Test Value F p 

Wilks 0.75 3.87 0.000* 

*Marked values were significant when p < 0.05. 

Table 2 and Figure 4 provide the descriptive parameters and results of ANOVA for repeated 

measurements of the fatigued and non-fatigued states. First, the mean value of KNEE_AV max 

significantly decreased in fatigued compared to non-fatigued state (fatigued=378.63; non-

fatigued=429.72; p=0.028). Additionally, the mean value of WRIST_AV max considerably 

decreased in fatigued compared to non-fatigued state (fatigued=300.85; non-fatigued=387.56; 

p=0.007). Furthermore, the mean value of Force max dramatically decreased in fatigued 

compared to non-fatigued state (fatigued=1608.42; non-fatigued=1782.26; p=0.004). Second, 

the mean value of FSV was lower in fatigued than non-fatigued state (fatigued=4.55; non-

fatigued=4.78) but there was no significant difference between the two groups (p=0.229). Last, 

the PP min, PP max, and PP aver all slightly increased in the fatigued state compared to the non-

fatigued state. Likewise, the KA min was higher in the fatigued state than the non-fatigued state 
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(fatigued=119.23; non-fatigued=118.70). However, there was no significant difference in terms 

of PP min (p=0.700), PP max (p=0.804), PP aver (p=0.589) and KA min (p=0.707).  

Table 2. Descriptive parameters and results of ANOVA for repeated measurements of the 

fatigued and non-fatigued states. 

Legend: * p < 0.05; PP min- the minimum pelvis position at the moment when the players 

performed the front change; PP max- the maximum pelvis position at the moment when the 

players performed the front change; PP aver- the average pelvis position at the moment when the 

players performed the front change; KA min - the minimum angle in the knee joint of the outside 

leg; Knee_AV max – the maximum angular velocity in the knee joint of the outside leg during 

the concentric phase; Wrist_AV max – the maximum angular velocity in the wrist joint from the 

point that the players flexed their outside hand to switch the ball to the inside hand; FSV- the 

first step velocity at the moment when the players performed the front change; Force max - the 

maximum force of the outside foot during the concentric phase.    

Variable Group N Mean Min Max SD F p 

PP min (cm) 
Non-fatigued 50 76.79 64.93 91.30 6.47 

0.15 0.700 
Fatigued 50 77.31 65.56 93.80 6.92 

PP max (cm) 
Non-fatigued 50 90.51 76.12 107.05 6.53 

0.06 0.804 
Fatigued 50 90.85 75.03 108.93 6.96 

PP aver (cm) 
Non-fatigued 50 82.72 71.21 98.16 6.08 

0.29 0.589 
Fatigued 50 83.42 72.25 99.98 6.86 

KA min () 
Non-fatigued 50 118.70 103.52 132.56 7.16 

0.14 0.707 
Fatigued 50 119.23 102.58 132.88 6.93 

KNEE_AV max (/s) 

Non-fatigued 50 429.72 222.59 664.81 109.01 
4.97 0.028* 

Fatigued 50 378.63 180.72 661.01 119.79 

WRIST_AV max 

(/s) 

Non-fatigued 50 387.56 115.26 709.03 164.31 
7.62 0.007* 

Fatigued 50 300.85 96.52 771.62 149.34 

FSV (m/s) 
Non-fatigued 50 4.78 2.58 7.32 1.06 

1.09 0.299 
Fatigued 50 4.55 1.26 6.21 1.14 

Force max (N) 
Non-fatigued 50 1782.26 1109.16 2747.52 347.06 

8.89 0.004* 
Fatigued 50 1608.42 1132.95 2043.40 222.52 
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Figure 4 the comparison of the variables for front change of direction 

3.2 Spin move 

The statistical analysis of ANOVA for repeated measurements was used to observe the 

biomechanical difference between non-fatigued and fatigued states. As Table 3 shows, there 

was a significant difference between the two groups (p=0.003).  

Table 3. The results of ANOVA for repeated measurements (for groups). 

Test Value F p 

Wilks 0.78 3.20 0.003* 

*Marked values were significant when p < 0.05. 

Table 4 and Figure 5 present the descriptive parameters and results of ANOVA for repeated 

measurements of the fatigued and non-fatigued states. First, the mean value of PV max 

significantly decreased in fatigued state compared to non-fatigued state (fatigued=2.79; non-

fatigued=3.15; p=0.000). Likewise, the mean value of KNEE_AV max was dramatically 

decreased in fatigued state (fatigued=286.90; non-fatigued=328.63; p=0.020). Moreover, the 

FSV was considerably lower in fatigued than non-fatigued state (fatigued=7.41; non-

fatigued=7.76; p=0.010). Second, the Force max in the fatigued state decreased compared to the 

non-fatigued state but did not significantly differ between the two groups (fatigued=1583; non-

fatigued=1736.77; p=0.059). Last, similar to the results of the front change, the mean value of 

PP min, PP max, PP aver, and KA min were slightly higher in the fatigued state than non-fatigued 

state, whereas there were no significant differences in terms of PP min (p=0.386), PP max 

(p=0.498), PP aver (p=0.656) and KA min (p=0.288). 
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Table 4 Descriptive parameters and results of ANOVA for repeated measurements of the 

fatigued and non-fatigued states. 

Legend: * p < 0.05; PP min - the minimum pelvis position at the moment when the players 

performed the spin move; PP max - the maximum pelvis position at the moment when the players 

performed the spin move; PP aver - the average pelvis position at the moment when the players 

performed the spin move; PV max - the maximum velocity of the pelvis at the moment when the 

players performed the spin move by rotating their pelvis; KA min - the minimum angle in the 

knee joint of the inside leg; Knee_AV max – the maximum angular velocity in the knee joint of 

the inside leg during the concentric phase; FSV- the first step velocity at the moment when the 

players performed the spin move; Force max - the maximum force of the inside foot during the 

concentric phase.  

Variable Group N Mean Min Max SD F p 

PP min (cm) 
Non-fatigued 50 78.82 70.16 98.25 6.59 

0.76 0.386 
Fatigued 50 80.02 69.23 96.670 7.25 

PP max (cm) 
Non-fatigued 50 92.08 78.57 109.95 7.39 

0.46 0.498 
Fatigued 50 93.07 80.75 106.43 7.20 

PP aver (cm) 
Non-fatigued 50 86.71 76.35 104.56 7.19 

0.20 0.656 
Fatigued 50 87.36 74.93 102.00 7.42 

PV max (m/s) 
Non-fatigued 50 3.15 2.42 4.09 0.37 

16.88 0.000* 
Fatigued 50 2.79 1.12 3.69 0.49 

KA min () 

Non-fatigued 50 111.98 92.85 135.21 9.61 
1.14 0.288 

Fatigued 50 114.21 91.92 141.67 11.28 

KNEE_AV max 

(/s) 

Non-fatigued 50 328.63 202.29 563.13 90.92 
5.60 0.020* 

Fatigued 50 286.90 49.10 559.78 85.33 

FSV (m/s) 
Non-fatigued 50 7.76 6.43 9.07 0.62 

6.83 0.010* 
Fatigued 50 7.41 4.87 8.84 0.71 

Force max (N) 
Non-fatigued 50 1736.77 963.54 2786.40 415.88 

3.64 0.059 
Fatigued 50 1583.00 982.80 2838.60 389.24 
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Figure 5 the comparison of the variables for spin move 

To determine the difference in dribbling speed between non-fatigued and fatigued states, T-test 

for dependent samples was applied. As can be seen from Table 5, the players spent more time 

in the fatigued state compared to the non-fatigued state (fatigued=18.53; non-fatigued=17.50) 

and there was a significant difference between the two states (p=0.002). 

Table 5 The results in dribbling speed of the T-test for dependent samples 

*Marked values were significant when p < 0.05. 

3.3 The physiological response during testing  

Table 6 shows an overview of the heart rate and blood lactate in different states of testing for 

the non-fatigued and fatigued states. The mean value of the players’ HR was 79.07 beats/min 

and 188.57 beats/min in the states of before warm-up (non-fatigued state) and after the fatigue 

protocol (fatigued state), respectively. Additionally, the mean value of the players’ BL was 1.26 

mmol/l and 11.06 mmol/l in the states before warm-up (non-fatigued state) and after the fatigue 

protocol (fatigued state), respectively. The aforementioned results revealed that there was a 

significant difference between the non-fatigued and fatigued states in fatigue levels. 

Group N Mean (s) SD p Coden’s (d) 

Non-fatigued 14 17.50 0.87 
0.002* 1.001 

Fatigued 14 18.53 1.52 
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Table 6 Descriptive statistics of Heart Rate (HR) and Blood Lactate (BL) between non-

fatigued and fatigued states 

Variable N Mean Minimum Maximum SD 

HR_B_WU (beats/min) 14 79.07 58.00 102.00 11.47 

HR_A_FT (beats/min) 14 173.36 156.00 194.00 11.84 

HR_A_FP (beats/min) 14 188.57 173.00 203.00 9.39 

HR_D_ST max (beats/min) 14 178.86 164.00 197.00 10.28 

BL_B_WU (mmol/l) 14 1.26 0.60 1.70 0.35 

BL_ A_WU (mmol/l) 14 2.74 0.70 5.80 1.55 

BL_A_FT (mmol/l) 14 5.55 2.60 10.00 2.52 

BL_A_FP (mmol/l) 14 11.06 6.70 15.70 3.19 

Legend: BL_B_WU- the players’ heart rate before warm-up; HR_A_FT- the players’ heart rate 

after the first testing (non-fatigued state); HR_A_FP- the players’ heart rate after the fatigue 

protocol; HR_D_ST max- the players’ heart rate during second testing (fatigued state); 

BL_B_WU- the players’ blood lactate before warm-up; BL_ A_WU- the players’ blood lactate 

after warm-up; BL_A_FT- the players’ blood lactate after the first testing (non-fatigued state); 

BL_A_FP- the players’ blood lactate after the fatigue protocol (fatigued state). 

 

4. Discussion and Conclusions 

Dribbling with COD is motorically the most complex type of dribbling and players perform it 

frequently during competition due to a high level of pressure from defenders (Krause & Nelson, 

2018). Previous studies have reported that fatigue has a negative influence on basketball players’ 

performance (Erculj & Supej, 2009; Mulazimoglu, et al., 2017). Surprisingly, little is known 

about the effect of fatigue on kinematics and kinetics of basketball dribbling. The aim of this 

study was to determine the effect of fatigue on kinematics and kinetics of dribbling with COD 

as well as the effect of fatigue on dribbling speed. The results of the present study showed that 

there was a significant difference in dribbling kinematics and kinetics between the fatigued and 

non-fatigued states. Additionally, dribbling speed significantly decreased in the fatigued state 

compared to the non-fatigued state. The findings are in line with our previously formulated 

hypotheses. 

In this study, the mean value of the players’ HR was 79.07±11.47 beats/min in the state before 

warm-up (non-fatigued state) and 188.57±9.39 beats/min in the state after the fatigue protocol 

(fatigued state). Additionally, the mean value of the players’ BL was 1.26±0.35 mmol/L in the 
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state before warm-up (non-fatigued state) and 11.06±3.19 mmol/L in the state after the fatigue 

protocol (fatigued state). There were some studies investigating the response of HR and BL to 

the real game situation (McInnes, Carlson, Jones, & McKenna, 1995; Torres-Ronda, Ric, 

Llabres-Torres, de Las Heras, & Schelling, 2016). Torres Ronda et al. (2016) assessed players’ 

HR during a friendly basketball game, reporting that the peak HR was 198 beats/min. Another 

study by McInnes et al. (1995) observed the physiological response to basketball competition, 

stating that the mean maximum BL for all subjects was 8.5±3.1 mmol/L, with the highest 

individual being 13.2 mmol/L. Given the aforementioned results, it can be concluded in this 

study that the conditions during testing in the fatigued state were similar to real basketball 

competition (game speed). 

For the front change (FCOD) and spin move (SM), the selected variables of this study were 

pelvis position, KA min, KNEE_AV max, WRIST_AV max, FSV, and Force max. The pelvis 

position was used to observe the difference of the center of mass between the non-fatigued and 

fatigued states. Similarly, the KA min was used to observe the lowest position of the knee so to 

identify if the players lowered their body when the defenders (cones) were close to the ball 

handler. The assumption was that, if the aforementioned variables in the fatigued state had 

higher values, it would mean that the player, his center of mass, was in a higher position, which 

might consequently induce the possibility of losing ball possession and affect the realization of 

spatial and temporal advantage over the defender. Additionally, Force max was selected 

because it plays an important role in the players’ FSV. Namely, FSV determines if a player can 

pass by the defender successfully. Furthermore, the KNEE_AV max was selected because the 

players with a higher KNEE_AV max could generally perform a quick first step. Moreover, the 

players with higher WRIST_AV max are able to switch the ball from the outside to the inside 

hand quickly so that they can not only protect the ball well but also make a quick COD to pass 

by the defenders. Last, the PV max in SM was selected because the higher velocity of pelvis 

rotation was not only critical for ball possession keeping but it also facilitated to achieve a 

spatial and temporal advantage over the defender.  

Consistent with literature, this study found that there were significant differences between the 

non-fatigued and fatigued states in the kinematics of FCOD and SM, which was in agreement 

with previous studies showing that the kinematic parameters of basketball skills changed when 

the players were under the influence of fatigue (Erculj & Supej, 2006, 2009; Rupčić, et al., 

2020). Additionally, the current study found that there was a statistically significant difference 

in Force max (kinetic) with respect to FCOD between the fatigued and non-fatigued states 

(fatigued=1608.42 N; non-fatigued=1782.26 N; p=.004). This finding is in line with previous 
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studies confirming that fatigue can cause the reduction in the capacity of the muscle to generate 

force (Arora, Budden, Byrne, & Behm, 2015; Morin, Samozino, Edouard, & Tomazin, 2011; 

Wan, Qin, Wang, Sun, & Liu, 2017), which results in a player who is unable to continue moving 

at the same level of performance (Cortes, Onate, & Morrison, 2014; Morin, et al., 2011). 

However, the Force max did not significantly decrease in the fatigued state in terms of SM 

(fatigued=1583 N; non-fatigued=1736.77 N; p=.059). A possible explanation for this result may 

be the technical difference between FCOD and SM. When players perform SM, they first make 

a hard step with the inside foot, then the pressure on the inside foot is shifted onto the outside 

foot with the rotation of the pelvis following the first step (Krause & Nelson, 2018). In terms 

of FCOD, however, the player conducts the first step by fully pressing the ground with the same 

foot. Therefore, the foot pressure of the support leg during the concentric phase is supposed to 

be lower in SM compared to FCOD. As a result, the Force max did not significantly decrease 

in the fatigued state. 

The results of this study revealed that dribbling speed significantly decreased in the fatigued 

state (p=.002), corresponding to previous studies which concluded that fatigue has a negative 

influence on basketball players’ performance (Erculj & Supej, 2009; Mulazimoglu, et al., 2017; 

Thorpe, et al., 2017). These results may be explained by the fact that the reduction of force 

production leads to the decrease of dribbling speed as it has been proved that there is a strong 

correlation between velocity and force (Janicijevic, et al., 2020; Zivkovic, Djuric, Cuk, Suzovic, 

& Jaric, 2017). Furthermore, previous studies have pointed out that greater lower body strength 

(Spiteri, Cochrane, Hart, Haff, & Nimphius, 2013) and the subsequent application of force and 

impulse (Spiteri, et al., 2014) enable athletes to perform a more effective and rapid motor 

response. In accordance with the present results, numerous studies have found the same result 

that sprint speed decreases when the subjects are in the fatigued state (Dal Pupo, Detanico, 

Ache-Dias, & Santos, 2017; Morin, et al., 2011). Morin et al. (2011) investigated the effect of 

fatigue on force production and force application technique during repeated sprints. Sprint 

speed and force production dramatically decreased. Furthermore, Dal Pupo et al. (2017) studied 

the fatigue effect of a simulated futsal match protocol on sprint performance and the kinematics 

of the lower limbs, demonstrating a significant decrement in sprint speed.  

In our study, the KNEE_AV max (p=.028) and WRIST_AV max (p=.007) in the fatigued state 

significantly decreased compared to the non-fatigued state with respect to FCOD. Additionally, 

the mean value of KNEE_AV max dramatically decreased in the fatigued state (p=.020) 

regarding SM. These results may be explained by the fact that fatigue caused the reduction of 

muscle strength, velocity, and coordination (Janicijevic, et al., 2020; Morin, et al., 2011; 
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Zivkovic, et al., 2017), which ultimately reduced angular velocities in individual joint systems. 

Our study can explain the decrease of the FSV in both FCOD and SM by the fact that fatigue 

caused the decrease of force and then further led to the deterioration of FSV. Similarly, the 

mean value of PV max in SM significantly decreased in the fatigued state (p=.000), which was 

likely to be associated with this factor. 

In this study, the pelvis position (PP min, PP max, PP aver) was higher and KA min was larger 

in the fatigued state than in the non-fatigued state regardless of whether in FCOD or SM. 

Previous studies have stated that decreases in the lower limb muscle activation due to fatigue 

could result in changes in pelvis position, and the reduction of strength tended to increase the 

players’ center of mass (Lessi, dos Santos, Batista, de Oliveira, & Serrão, 2017; Lessi & Serrão, 

2017). As a result, theoretically, the KA min is supposed to increase when the players’ pelvis 

position increases. 

In summary, the major conclusion drawn from this study according to the results was that 

fatigue significantly affects the kinematics and kinetics of basketball dribbling. Additionally, 

dribbling speed significantly decreased when the players were under the fatigued state. The 

higher pelvis position, the lower angular velocity in the knee and wrist joint, and the lower force 

when the players are under the fatigued state may induce their inability to take advantage over 

the defender successfully. Additionally, the decrease in dribbling speed under the fatigued state 

will make players less able to pass by the defender quickly during the fast break and transition 

to offense, which consequently makes them lose the opportunity of scoring.  

Practical application 

The findings of this study have provided evidence for the coaching staff why they are required 

to design appropriate training programs to optimize the players’ fatigue tolerance needed in 

dribbling. There is an exceptional need, after the skill has been adopted, to practice it under the 

conditions of high load and game speed in order to decrease the expected reduction in efficiency. 

Segments that have shown statistical significance should be in the focus of expert coaches able 

to evaluate skill performance and constantly improve it using a large number of training 

operators under high load. It is important to ultimately achieve automatism in players whose 

skill performance will be close to perfect even under the conditions of extreme load in order to 

be able to respond to the challenges of modern basketball in which defensive pressure on the 

player with the ball is extremely high. Only players who can demonstrate a high level of skill 

performance under high loads (both cognitive and physical) can find the best solution in spatial 

and temporal on-court alignment and ultimately achieve exceptional situational efficiency. 
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CHAPTER 4: GENERAL CONCLUSION 

 

This doctoral thesis was conducted in five independent investigations. The aim of this doctoral 

study was to identify the influence of fatigue on kinematic parameters and players’ performance 

in basketball fundamental skills.  

In general, the result showed that fatigue has negative effect on kinematic parameters in 

basketball fundamental skills–passing, shooting, and dribbling. Therefore, this research suggest 

that basketball coaches and teachers are required to design appropriate training programs to 

resist fatigue in order to minimize its influence on basketball players’ fundamental skills. The 

specific conclusion was stated below:  

 

The results of study 1 showed that there were significant differences in the maximum angular 

velocity of shoulder, elbow, and wrist between fatigue and non-fatigue condition. Additionally, 

the passing accuracy and ball speed when players were under the influence of fatigue were 

significantly decreased compared to non-fatigue condition. Furthermore, the players’ pelvis 

position was obviously increased when they were under fatigue. Moreover, there was a 

significant difference in pelvis velocity related to X-axis between fatigue and non-fatigue 

condition, while there was no significant difference in Y-axis. The findings of this study could 

help coaches to better understand the pattern of movement of push passing and to correct the 

players’ technique. It is extremely important to point out that players adopt the correct motor 

structure of passing to create an automatism during the training process of learning, which will 

ultimately not change even under the influence of fatigue. Only this can ensure the situational 

efficiency of the player, because any deviation from the ideal biomechanical structure also 

affects the occurrence of a larger number of motor errors, and consequently reduced efficiency. 

From the aspect of cooperation between two players in offense, in addition to the correctly 

adopted movement structure, it is also necessary to perfect spatial–temporal relations in passing 

and catching the ball, which is possible if the conditions of the players’ training process are 

similar to the conditions of the game.   

 

The results of study 2 indicated that the angular velocity of lower extremity was higher in 

fatigue compared to non-fatigue condition. Conversely, the angular velocity of upper extremity 

was lower in fatigue compared to non-fatigue condition. Additionally, the jump shot accuracy 

did not decrease significantly in fatigue condition. The results of this study indicated that elite 

female basketball players are able to maintain the efficiency through readjusting the 
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neuromuscular system to make a successful jump shot when they were under fatigue condition. 

Furthermore, the results of study 2 showed that the release height and entry angle of the ball 

significantly decreased in fatigue condition, suggesting that coaches need to include in the 

training process exercise that is similar in terms of fatigue and performance to the situational 

condition during the game as these two variables play an important role in determination of the 

shooting accuracy. 

 

The results of study 3 demonstrated that fatigue impacts certain changes in the kinematic 

parameters of jump shot. The angular velocities of joints in the lower extremities noticeably 

increased, while the mentioned parameters in the upper extremities decreased, which is in line 

with study 2. Additionally, as a result of fatigue, the height of releasing the ball also decreased. 

Despite the changes in the above-mentioned parameters, the action performed on the ball 

remained unchanged considering that the shoot speed, as well as the angle at which the ball 

entered the basket demonstrated no changes. Even though the action performed on the ball did 

not alter from the biomechanical standpoint, the reduction of shooting accuracy under the 

influence of a higher level of fatigue still suggests that certain deviations occurred in the overall 

pattern of performing the examined motor skill. Based on this research, a proposal for the 

improvement of basketball practice is surely to perform training processes during which the 

jump shot, and the development of shooting accuracy would be executed in conditions of 

variable load that shall ultimately be directed towards annulling the deviations in the kinematic 

parameters of the jump shot, which shall consequently also positively affect the development 

of shooting accuracy. 

 

The results of study 4 showed that female and male basketball players used different shooting 

techniques. Additionally, players in male categories shot with a higher center of mass difference 

in the vertical direction, with a higher release shoulder angle, and with a higher entry angle of 

the ball. Moreover, the entry angle of the ball increases in all categories when shooting for 3-

pt, implying that players need more time for 3-pt shots after receiving a pass when compared 

to 2-pt shots. Therefore, the players are using excessive movements to optimize the shooting 

technique when shooting for 3-pt. Basketball coaches and players should work to minimize the 

kinematic differences between 2-pt and 3-pt shooting to increase the successfulness of shooting 

from longer distances. 

 

The results of study 5 indicated that fatigue affects the kinematics and kinetics of basketball 

dribbling. Additionally, the dribbling speed significantly decreased when the players were 
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under the fatigue condition. From the result point of view, the higher pelvis position, the lower 

angular velocity in knee and wrist joint, and the lower force when the players are under the 

fatigue condition may induce that they are not able to take advantage of the defender 

successfully. Additionally, the decrease of the dribbling speed under the fatigue condition will 

lead to that the players are not able to pass by the defender quickly during the fast break and 

transition period, which consequently makes them lose the opportunity of scoring. Thereby, the 

findings of study 5 provide evidence that coaching staff are required to design appropriate 

training sessions to optimize the players’ ability to resist fatigue in dribbling. There is an 

exceptional need, after the technique is adopted, to train in the phase of high load and game 

speed in order to decrease the expected reduction in efficiency. Segments that have shown 

statistical significance should be the focus of specialized educated coaches who are able to 

detect the current situation and constantly improve it with a large number of operators under 

high load. It is important to ultimately achieve automatism in players, even in conditions of 

extreme load in order to be able to respond to the challenges of modern basketball in which the 

pressure on the player with the ball is extremely significant. Only players who can demonstrate 

a high level of technique under a load (defensive, functional, and motor) can find the best 

solution in spatial and temporal alignment and ultimately achieve exceptional situational 

efficiency. 

Strengths and limitations 

This doctoral thesis has several strengths. On the one hand, according to the literature, there is 

little research investigating the influence of fatigue on kinematic parameters on basketball 

fundamental skills. This doctoral thesis objectively evaluates the influence of fatigue on players’ 

fundamental skills, which could help coaches to better understand the movement pattern of 

passing, shooting, and dribbling and to design appropriate training sessions to resist the 

influence of fatigue on players’ performance. Additionally, this research can help coaches in 

the selection of high-level basketball players. On the other hand, some new measurements were 

used together and synchronized to quantify kinematic parameters in this research. The MNV 

BIOMECH Awinda inertial system (Xsens Technologies B.V., Enschede, The Netherlands) 

was employed in this doctoral thesis, which is more suited for field testing than previous 

methods and results in fewer biased data. There are also some strengths regarding the 

methodology of this doctoral thesis. In study 2, a shooting machine was used to standardize 

each pass directly influencing the shooting accuracy in order to minimize the interference from 
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external factors. In study 4, previous studies assessing the kinematic and physical parameters 

of a jump shot presented only shots taken without any action before shooting (dribbling or 

cutting—no pull-up jump shots or catch-and-shoot jump shots). Therefore, the jump shot 

protocol (catch-and-shoot situation after a cut), which is more similar to real game conditions, 

was conducted in this study. 

In study 5, in addition to kinematic parameters, kinetic parameters were measured, which could 

help coaches and players to better understand the movement pattern of basketball dribbling. 

Additionally, the participants in this doctoral thesis were outside players (i.e., point guards, 

shooting guards, and small forwards) since they may have better performance, resulting in more 

objective results. 

 

However, there are also a few limitations that need to be considered. First, in addition to main 

elements of passing, shooting and dribbling, fundamentals skills in basketball consist of many 

other elements. The influence of fatigue on kinematic parameters in other basketball 

fundamentals remains unexplored in this thesis. Second, in study 1, the study only focused on 

the technique of push passing, but the technique of other types of passing was not investigated. 

Additionally, the limitation of study 1 was the situation that the testing was performed without 

defensive players and the kinematic parameters and passing performance may be different. 

Third, in study 2, the players took jump shots from the stable spot with the interval of 5 s 

regarding testing protocol. To some extent, thereby, they were in recovery state from testing 

between each shot. Furthermore, the distance of jump shot in study 2 was relatively short (5 

meters), and it is possible that players still had sufficient force through readjusting the flow of 

force in body segments to make a successful shot. Fourth, in study 3, considering that it was 

conducted with only one player as pilot research and in controlled environment, all the 

conclusions should be taken with caution. Fifth, in study 4, major limitation in this study is the 

lack of confounding variables such as morphological factors, which may affect the results. Sixth, 

in study 5, the players who play point guard, shooting guard, and small forward were 

volunteered to participate in the current study. Point guards may have a higher level of fitness 

related to dribbling because of their role related to dribbling. As a result, if all of the participants 

were point-guards, the data may be different.  
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Perspectives for future research 

According to the limitations, it is recommended that future work should be undertaken to 

investigate the influence of fatigue on kinematic parameters in other basketball fundamentals, 

such as rebounds, defensive footwork etc. To be specific:  

In study 1, other passing techniques such as chest or overhead passing are recommended for 

further analysis. Additionally, the defensive players can also be considered for the test protocol 

because it is more associated with the real game situation.  

In study 2, a further study with more focus on dynamic jump shot (i.e., keep moving to catch 

the ball and take a shot) will need to be undertaken. Furthermore, it is worthwhile devoting 

effort to longer distance and complexity jump shots such as 3 points and jump shots with 

defender in terms of female basketball players. 

In study 3, future research is required to recruit more volunteers to participate in testing.  

In study 4, future studies should include morphological factors due to possible influence on the 

results. Further research in this area should focus on assessing the kinematic and physical 

parameters of the jump shot in situations that are more similar to real game conditions (e.g., 

pull-up jump shots, catch-and-shoot situations after a cut, defended shots).  

In study 5, further research is recommended to investigate the same category of participants 

(i.e., investigating point guard or shooting guard or small forward independently) in terms of 

the current research topic. 

Importantly, there is a lack of advanced technology that can evaluate player’s skills in real game 

situations. Therefore, in the future, new technology is expected to be developed and used in real 

basketball games to evaluate basketball players of all age categories. 
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RUPČIĆ, T., KNJAZ, D., BAKOVIĆ, M., DEVRNJA, A. & MATKOVIĆ, B. J. H. Š. V. 2015. 

Impact of fatigue on accuracy and changes in certain kinematic parameters during 
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