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ABSTRACT 

 Resisted propulsion has been recommended to train propulsion power in wheelchair 

athletes. However, prescription for such training is not provided and is most often adopted from 

able-bodied sports training. Wheelchair athletes have unique considerations as their level of 

impairment will affect their performance ability. This study examined findings and 

recommendations from able-bodied training, sought maximal propulsion power producing loads 

in wheelchair athletes and examined the relationship between maximal propulsion power and 

other trainable exercises. A review of able-bodied resisted sprint training revealed resisted sprint 

training did not significantly improve sprint performance over short distances from rest (Hedges’ 

d ES = 0.11, p = 0.09). More recent studies however have indicated that heavier loads are likely 

to produce more favorable results. Seventeen competitive wheelchair athletes participated in 

trials to measure maximal power, its related parameters, and to test the repeatability of power 

output. Maximal propulsion power was found to be [mean (SD)] 371.60 (134.09)W and was very 

repeatable (ICC = 0.93, p < 0.001). The percent of maximal velocity the maximal power load 

induced was 50.16% (7.51) which matches values found in able-bodied athletes. Maximal 

wheelchair propulsion power was significantly related to class (r = 0.62, p = 0.009) and field-

tests of medicine ball throw (r = 0.55, p = 0.02) and 20-m sprint velocity (r = 0.65, p = 0.005). 

With a better understanding of maximal propulsion power, practitioners and researchers can 

explore the dosage and training outcomes. 

 

KEY WORDS: resisted sprinting, wheelchair propulsion, wheelchair sport, power 
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CHAPTER 1: INTRODUCTION

 

Wheelchair sports grew out of rehabilitation efforts for World War II veterans. Since the 

first Wheelchair Games in 1948, awareness and funding have resulted in a drastic increase in the 

number of participants (Goosey-Tolfrey, 2010); yet, the amount of research on wheelchair sport 

training lags behind the increase in participants (Keogh, 2011). While many training principles 

carry over from able-bodied (AB) sport to wheelchair sport, there are several unique factors to 

consider in wheelchair sport (Keogh, 2011).   

The first, and most noticeable difference between wheelchair and AB sport, is that the 

wheelchair athlete and wheelchair work as one unit. Unlike AB counterparts, wheelchair athletes 

propel themselves by moving wheels with their arms. This alone differs from AB locomotion in 

two ways. First, locomotion is generated by the arms with smaller muscle units and smaller 

blood vessels than the legs. Second, since the wheels move the chair and athlete, once the athlete 

overcomes inertia to propel the wheelchair, the athlete-wheelchair unit will continue moving 

without additional work. Similarly, if maximal effort is given to the first 2-3 pushes, the wheels 

rotate so fast that the athlete can no longer exert maximal force on them, but is challenged to 

move their arms quickly enough to exert any amount of force on the wheels (Keogh, 2011; van 

der Woude et al., 1998). AB athletes must continually exert force against the ground to continue 

moving forward. The second factor that makes wheelchair training unique is the many levels of 

impairment for athletes on the same team (Goosey-Tolfrey, 2010; Goosey-Tolfrey & Leicht, 

2013; Keogh, 2011). Different levels of trunk and arm control dictate a level of individualization 
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in training programs and expected outcomes. Similarly, physiological factors such as heart rate, 

ventilation, oxygen uptake, and lactate accumulation are influenced by impairment level, making 

it difficult to identify and evaluate intensity and workload (Bernardi et al., 2010; Goosey-Tolfrey 

& Leicht, 2013). Impairment level determines the number and location of motor units that can be 

activated to produce speed, strength, and power.   

 Although there are different training considerations, the goal of training for wheelchair 

sports is the same as the AB version of the sport—to gain preferential position. This means the 

athlete beats the opponent to a ball or the finish line, places themselves in an advantageous 

position to assist a team member or disrupts the opposition. To gain this position, the first 2-3 

pushes produced by the wheelchair athlete toward the position must be powerful.   

 In AB sport training, the theory of overload and specificity are employed in the practice 

of resisted running to improve acceleration. By overloading the propulsion motion, it is thought 

that the athlete will adapt and become more powerful in the motion. Sled towing, and sometimes 

parachutes or weighted vests, are used by field sport athletes for sprint training. Studies using 

sled towing have shown improved jump power (Alcaraz et al., 2008; Bachero-Mena & 

Gonzalez-Badillo, 2014; Harrison & Bourke, 2009) and sprint acceleration (Harrison & Bourke, 

2009; Makaruk et al., 2013; Spinks et al., 2007; West et al., 2013; Zafeiridis et al., 2005). The 

same form of training, including tire towing, sled towing, partner towing, and uphill pushing, is 

recommended for wheelchair athletes to develop power for initial pushes (Goosey-Tolfrey, 2010; 

Jarvis). Although this mode of training is recommended, there appears to be no research on  

training prescription. The purpose of this study is to systematically examine resisted sprint 

training in AB athletes, to evaluate efficacy and identify factors to consider for prescription, and 

then determine how power and load can be identified for resisted wheelchair propulsion training.  
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CHAPTER 2: THE EFFECT OF RESISTED SPRINT  

TRAINING ON INITIAL SPRINT SPEED:  

A SYSTEMATIC REVIEW AND META ANALYSIS

 

Abstract 

Resisted running, such as sled or parachute towing, is commonly used for sprint training 

among field sport athletes. The goal of the training is to improve sprint speed, particularly the 

initial burst of speed, or the acceleration phase. While resisted running is frequently employed by 

athletes and coaches, there is little research on its benefits. This systematic review will estimate 

the effectiveness of resisted running on initial sprint speed. Potential sources were limited to 

peer-reviewed articles published in English prior to June 12, 2022, and gathered from the 

EBSCOhost, PubMed, and Web of Science online databases. Analysis utilized articles found by 

combinations of the following terms: towing, sled, “resisted sprint,” “sprint acceleration,” 

“sprint performance,” and “sprint speed.” The search returned 1,159 sources, from which 15 

were eligible for inclusion. Forty-seven effects were used to estimate the impact of resisted 

running on initial sprint speed. Based on the combined results from these studies, resisted sprint 

training does not appear to significantly improve initial sprint speed (Hedges’ d effect size = 

0.11, 95% CI: -0.0153, 0.2354, p = 0.09) when compared to the same volume of unresisted sprint 

training. These results do not support the use of resisted sprint training over unresisted sprint 

training for improving initial sprint speed; however, further research should be conducted. 

Introduction 

Sprint ability is a valuable quality for field sport athletes (Baker & Nance, 1999; Cross et 

al., 2017). Sprint performance can be broken into two phases: acceleration and maximum sprint 
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velocity. In most cases, field sport athletes are seeking a quick burst of speed to gain preferential 

position over an opponent (Cronin & Hansen, 2006). Such bursts often occur in intervals less 

than 15 m during the acceleration phase of sprinting. Maximal speed becomes important when 

the sprinting distance exceeds 30 m. Still, it is the initial break-away speed from acceleration that 

can provide an advantage when maximal speed is reached.   

It is understood that stride length and stride frequency are key components of sprinting 

velocity. By increasing one without diminishing the other, velocity will improve. Improvements 

in both stride length and stride frequency will result in even greater velocity. To improve stride 

length, coaches and training staff have targeted the musculature of the hips, quadriceps, and 

calves in the weight room. The goal of improving strength is to exert a greater force on the 

ground to propel one further in a stride (Alcaraz et al., 2014; Alcaraz et al., 2008; Kawamori et 

al., 2014; Lockie et al., 2012; Spinks et al., 2007). Stride frequency is often determined by 

contact time, the amount of time the foot is on the ground, and flight time, the time between 

contacts. A low contact time and a shorter flight time (while maintaining stride length) indicates 

higher frequency. Explosive weight training and plyometrics have been used to decrease contact 

time and thereby increase stride frequency (Alcaraz et al., 2014; Kawamori et al., 2014; Lockie 

et al., 2012; Spinks et al., 2007). However, these methods target vertical force. To target the 

horizontal force utilized in sprinting and necessary for acceleration (Rabita et al., 2015), resisted 

sprinting has been employed. Resistance can be generated by towing a load, wearing a weighted 

vest, or running with a parachute.   

Resisted running utilizes the theory of overload (Kawamori et al., 2014; Lockie et al., 

2012) and specificity (Hrysomallis, 2012; Zafeiridis et al., 2005). Overloading can lead to 

increased force output and adaptations in running (Bachero-Mena & Gonzalez-Badillo, 2014; 
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Kawamori et al., 2014; Lockie et al., 2012). It has also been suggested that the overload produces 

neuromuscular adaptions such that when the resistance is removed, the muscles function at a 

higher rate (Bachero-Mena & Gonzalez-Badillo, 2014; Kawamori et al., 2014; Upton, 2011). By 

applying specificity, the precise running muscles and neuromuscular pathways are targeted.    

Research conducted on the performance effects of resisted running has yielded mixed 

results. Most studies focus on acceleration, which has been shown to benefit from resisted 

running more than maximum speed. Also, acceleration has been identified as the more important 

sprint component for field sports. While some studies determined that resisted running improves 

acceleration or stride determining factors, other studies found a traditional sprint training 

program to be just as beneficial, if not more. The purpose of the current study is to provide a 

quantitative estimate of the effect size of resisted sprint training versus unresisted sprint training 

on the acceleration phase of sprinting. 

Methods 

The review was conducted in accordance with PRISMA (Preferred Reporting Items for 

Systematic Reviews and Meta-analyses) statement guidelines (Moher et al., 2010). Articles 

published by June 12, 2022, were located using searches of EBSCOhost, PubMed, and Web of 

Science online databases using combinations of the terms: towing, sled, “resisted sprint,” “sprint 

acceleration,” “sprint performance,” and “sprint speed.” Duplicate articles were removed and 

the remaining articles were reviewed for inclusion. A manual review of the article references was 

conducted to identify additional publications not discovered by the database search.   

Study selection      

The inclusion criteria for the analysis were as follows: (1) peer-reviewed publication; (2) 

available in English; (3) randomized to resisted sprint training and un-resisted sprint training; (4) 
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speed or time recorded from 0 m; and (5) measurable resistance attached to the torso. Excluded 

records had the following characteristics: (1) non-peer reviewed; (2) provided a review or 

position statement; (3) did not measure running sprint outcomes; (4) sampled youth (< 18 years 

old); or (5) did not isolate linear resisted running as the training variable. A total of 3,716 articles 

were returned with the initial search process. A flowchart depicting study selection is provided in 

Figure 2.1. No additional publications resulted from the manual search of references. All 15 

articles reported mean pre-training and post-training times or speed or provided figures from 

which the mean could be determined. Likewise, the standard deviation was reported, or was able 

to be calculated from standard error or graphical representations. One study had 19 participants 

and stated they were evenly distributed between the 3 training groups (Kristensen et al., 2006).   

Since a reply from the author was not received, a conservative estimate of 6 participants per 

condition was used.   

ES calculation   

The effect size (ES) was calculated by subtracting the mean difference of the unresisted 

sprint (UR) training group from the mean difference of the resisted sprint (RS) training group 

and dividing by the pooled standard deviation (SD) (Lipsey & Wilson, 2001). It was then then 

adjusted for small sample bias (Hedges & Olkin, 1985). For studies in which the times for 

intervals were reported (Escobar Álvarez et al., 2021; Luteberget et al., 2015; McMorrow et al., 

2019; Morin et al., 2017; Pareja-Blanco et al., 2020; Rodríguez-Rosell et al., 2020; Sinclair et al., 

2021; West et al., 2013), mean change was calculated by subtracting the post-training time from 

the pre-training time. In the remaining studies (Alcaraz et al., 2014; Kristensen et al., 2006; 

Lockie et al., 2012; Makaruk et al., 2013; Spinks et al., 2007; Upton, 2011; Zafeiridis et al., 

2005), speed (m/s) was reported and pre-training speed was subtracted from post-training speed 
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to find the mean change. Each ES was qualitatively described as small, medium or large (ES = 

0.2, 0.5, and 0.8, respectively) (Cohen, 1992). A greater improvement in the RS group resulted in 

a positive ES.  

Standardizing load 

The reporting of resistance loads varied from absolute mass, to a percent of body mass, to 

the percentage of speed reduction induced by the load. Heavier loads were reported as a percent 

of body mass. Upon examining velocity decrements of 6%-14%, Lockie et al. (2003) established 

a regression formula relating velocity to load: 

 % Load = -1.96 (% velocity) + 188.99 

where % load is the load as a percent of body mass and % velocity is the percent of maximal 

velocity reached with a given load. For discussion purposes, this formula was used to examine 

all loads as a percent of body mass in the current study. 

Data analysis 

The random effects model was used to compute the mean ES and 95% confidence 

interval (CI) for initial speed improvements by using macros (MeanES) in IBM SPSS Statistics 

for Windows, version 27.0 (IBM SPSS Statistics, IBM Corporation, Armonk, NY). Statistical 

significance was determined using an alpha level of p < 0.05. Data available for study and 

participant characteristics are presented as mean (SD).  

Results 

Published data from 15 studies utilized in this review yielded 47 effects with between 1 

and 12 (M = 3.13, SD = 2.61) effects per study. Three hundred and fifty-two participants 

recorded pre- and post- training times or speed. The sample size for each treatment ranged from 

6 to 14 participants (M = 10.26, SD = 2.29). The number of training intervention sessions ranged 
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from 8 to 24 (M = 14.67, SD = 5.33) over spans of 4 to10 (M = 7.13, SD = 1.73) weeks. 

Resistance loads varied greatly from 5 kg, estimated to be 6.8% body mass, to an average of 

89.1% body weight (M = 34.31%, SD = 28.87%). The descriptive characteristics of the studies 

included in the current analysis are detailed in Table 2.1  

 While some studies consisted exclusively of men (n = 7) or women (n = 5), others were 

mixed (n = 2) and one study did not report gender ratios. Athletic experience and sport 

participation also varied greatly. Five studies involved college physical education students or 

recreational athletes and three studies were conducted with professional athletes.   

From the 15 studies published between 2005 and 2022, the aggregate results of the 47 

effects show that there is no difference between RS and UR training. The mean ES from the 

random effects model was 0.11 (95% CI: -0.0153, 0.2354; z = 1.72; p = 0.09) (Figure 2.2). The 

results of the analysis lacked heterogeneity (Q = 29.89; p = 0.97; I2 = 0%). Post-hoc analysis was 

not warranted since heterogeneity lacked significance. Additionally, a fail-safe N was not 

computed since the analysis yielded a null result.   

Discussion 

Resisted sprint training is commonly used by coaches and athletes to improve sprint 

performance. The results of the current analysis suggest RS training is statistically as effective as 

traditional, UR training in initial speed improvements. However, 30 of the 47 effect sizes favored 

RS. A review by Alcaraz et al. (2018) found similar results regarding velocity during the 

acceleration phase with a non-significant effect size of 0.09 (95% CI: -0.37, 0.23) when RS was 

compared to control groups. The control groups included both UR and non-training cohorts, 

whereas the present study only compared RS to UR training groups. Additionally, five studies 

utilizing heavier loads have been published since the Alcaraz et al. (2018) review. Alcaraz et al. 
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(2018) also showed RS participants had a significant moderate improvement with an effect size 

of 0.61 (95% CI: -0.85, -0.28) when pre- and post- test speed values were compared.  

Two additional reviews of sprint training found improvements related to RS training but 

could not conclusively state that RS training was more effective than UR training on the 

acceleration phase (Petrakos et al., 2016; Rumpf et al., 2016). Again, unlike the present study, 

these reviews did not compare RS to UR training and six studies with heavier loads have been 

published since. Examining multiple sprint training methods in males, Rumpf et al. (2016) found 

RS, UR, and assisted sprint training improved speed over all test distances (0-10, 0-20, 0-30, and 

30+ m) with a combined moderate effect size of -1.10. The RS group exhibited improvements 

with large effect sizes across all distances, the greatest being -1.39 in 0-20m (Rumpf et al., 

2016). Petrakos et al. (2016) reviewed 11 studies and concluded that moderate to heavy loads of 

RS yielded significant improvements in acceleration for strength trained field sport athletes. Not 

all of these studies contained UR training groups, but results were equivocal when comparing the 

efficacy of RS to UR training. Although the benefits of RS over UR training may be unclear, 

there are many variables to address when evaluating resisted sprint training. Additionally, 

performance values beginning beyond the 0-m mark were used by Petrakos et al., (2016) and the 

present review only analyzed performance from 0 m. The 15 articles that met the inclusion 

criteria for this analysis cover a wide range of athletes, training loads, and training prescription.  

 Earlier resisted sprint studies showed significant kinematic changes when training load 

resulted in a speed decrement of more than 10% (Lockie et al., 2003). Six of the nine articles 

published prior to 2016 utilized loads to reduce speed by 10% which equates to approximately 

12.6% body mass (Lockie et al., 2003). One study examined the effects of this load on male 

professional rugby players. West et al. (2013) found significant improvement in both RS and UR 
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athletes over distances of 10 and 30 m. The RS group exhibited significant improvement in 

percent time change compared to the UR group. The participants in this study had sled towing 

experience and were engaged in team training during the time of the study.  

Four additional studies utilizing a 10% decrease in speed with competitive field or court 

sport athletes concurrently engaged in team training found different results. Two studies of male 

field sport athletes reported improvements in both RS and UR groups (Lockie et al., 2012; 

Spinks et al., 2007). Spinks et al. (2007) also found that the RS group improved significantly 

more than the UR group. Participants in both studies had over a year of strength training and 

were engaged in strength training at the time of the study. Division I female soccer players using 

a 10% decrease in speed saw significant improvements by the RS group in 0-36.6 m, but not at 

lesser distances while the UR group did not see significant improvements (Upton, 2011). After 

10 weeks of training, semiprofessional female handball players saw significant improvements in 

the UR group over 10 m and similar, non-significant results in both RS and UR over 30m 

(Luteberget et al., 2015).  

Differences in these results may be due to sport specific factors and previous exposure to 

sprint training. A gender difference may also exist as the effects of load have been primarily 

tested on male participants (Pareja-Blanco et al., 2020), and females are known to have different 

strength levels based on different musculature. Concurrent strength training may also play a role 

in the effectiveness of RS training. In these studies of well-trained field athletes, those that 

showed significant improvements in both RS and UR training assessed participants who were 

concurrently engaged in strength training programs (Lockie et al., 2012; Spinks et al., 2007; 

West et al., 2013). Both the female soccer and handball players ceased strength training for the 

duration of the sprint training study (Luteberget et al., 2015; Upton, 2011) .     
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Three studies with university students and recreational athletes used various loads and 

yielded mixed results. Kristensen et al. (2006), using a 5 kg load (approximately 6.8% body 

mass), found significant speed improvements from the UR training group and significant slower 

speeds in the RS group. Using 15 kg, or approximately 20.3% body mass, Makaruk et al. (2013) 

found RS and UR groups both had significant improvements, but the difference between groups 

was not significant. Zafeiridis et al. (2005) used the traditional 10% speed decrease and found 

RS training significantly improved initial speed over 10 and 20 m and this change was 

significant compared to the UR training group. The natural sprint form and the efficiency gained 

by repetition may need to be addressed when assessing participants without sprint training. A 

sprint study of youth soccer players (16.4 ± 0.9 years old) found significant improvement in 

sprint speed from part of the team that added one sprint training session a week (Tonnessen et 

al., 2011). Likewise, in all but one of the 15 studies in this review, there were improvements in 

the UR groups, even if they were not significant. 

 Only one study examined the effect of RS on elite track and field athletes and found that 

both the RS and UR training groups improved their acceleration phase, although improvements 

were not significant (Alcaraz et al., 2014). Compared to other studies, the load used by the track 

and field athletes was lighter as it elicited a 7.5% reduction in speed which equates to 

approximately 7.7% body mass. Males and females were used in this study, and as track and 

field athletes it was expected that they would already be well trained in sprinting, hence a 

possible explanation for the null finding.  

 In 2014, two studies were published indicating that heavier loads might elicit greater 

adaptations. Bachero-Mena and Gonzalez-Badillo (2014) studied the effects of three different 

loads: 5%, 12.5%, and 20% body mass, on male sports science students. All three groups 
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significantly improved their 0-40 m time and the heavy load group also exhibited significant 

improvements in the 0-20 m and 0-30 m distances. The authors concluded that a heavier load 

produced greater improvements for initial sprint speed; an UR control group was not used for 

comparison (Bachero-Mena & Gonzalez-Badillo 2014). Similar results were found in a study of 

21 active males by Kawamori et al. (2014). Training loads that reduced speed by 10% and 30% 

were utilized and time was assessed at 5 and 10 m. Significant improvements were found at 5 

and 10 m for the heavy load, but only at 10 m for the light load. There was not a significant 

difference between the groups, but a greater 10 m improvement was achieved by the heavy 

group. Although kinematics change significantly with larger loads, these changes could yield 

greater adaptations (Alcaraz et al., 2008) and performance improvements should be valued over 

kinematic changes (Petrakos et al., 2016).  

 More recent studies, since 2017, have used heavier loads ranging from 20% to over 90% 

body mass. Two studies of male professional athletes using loads of 26% and 30% body mass 

showed significant improvements in both the RS and UR groups, but not significant differences 

between the groups (McMorrow et al., 2019; Sinclair et al., 2021). Subjects in both studies were 

well trained and participating in regular team training sessions at the time of the study.  

 Recreational athletes were also tested with loads that exceeded 12.6% body mass. 

Women training with loads of 40% body mass showed significant improvement over 30 m 

compared to their UR counterparts, but the difference between groups was not significant 

(Pareja-Blanco et al., 2020). In recreational male athletes training at loads, of 20%, 40%, 60%, 

and 80% body mass, significant velocity improvements occurred in the UR group and in RS 

groups training at 40% and 60% body mass. Improvements were not seen with loads of 20% and 

80% (Rodríguez-Rosell et al., 2020). As recreational athletes may not have a strong sprint 
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training background, improvements are likely with any form of sprint training and a load of 80% 

may be too much for an athlete without sprint training experience.  

Two studies of well-trained field sport athletes assessed relatively high training loads of 

approximately 80% body mass (Escobar Alvarez et al., 2021, Morin et al., 2017). These loads 

were selected based on work by Cross et al. (2017) that showed maximal power output occurred 

at approximately 50% maximal velocity. Maximal horizontal power is crucial for the 

acceleration phase of sprinting (Samozino et al., 2021). To improve maximal power, one must 

train at maximal power; the optimal balance of force and velocity (Soriano et al., 2015). For 

recreational field sport athletes, maximal power was exhibited at 51.6% of maximal velocity and 

for elite sprinters, maximal power occurred at 51.3% maximal velocity. The loads that yielded 

maximal power were 69%-91% and 70%-96% body mass for field sport athletes and sprinters, 

respectively (Cross et al., 2017). While these loads greatly exceed the previously recommended 

12.6% body mass, they yielded positive results in two studies of well-trained field sport athletes. 

 Following pilot work to identify loads that produced 50% velocity, Escobar Álvarez et 

al. (2021) studied loads of 80.5% (6.7%) body mass and 89.1% (6.4%) body mass in female 

rugby backs and forwards, respectively. In 5-m and 20-m sprints, the UR and both RS groups 

showed significant improvement; however, the UR had a small effect size compared to a 

moderate effect size in the change for the RS groups. When comparing the groups, both RS 

groups improved significantly over the UR group, but there was not a difference between the two 

RS groups (Escobar Álvarez et al., 2021). Morin et al. (2017) also sought to train at a velocity of 

50% maximum and utilized an 80% body mass load (due to homogeneity of participants) with 

in-season, amateur, male soccer players. After 8 weeks of training, moderate improvements were 
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seen over 5 m in the RS group compared to small improvements in the UR group, but the groups 

were not significantly different (Morin et al., 2017).  

 The training prescription also varied by study. Differences in study duration and weekly 

frequency of study training are listed in Table 2.1. Training volume ranged from 720 - 6720 m in 

the 13 studies that reported precise volumes. Like training load, training volume would also be 

important for prescription. In the 15 articles reviewed, both groups, RS and UR, participated in 

the same training regimen. Although the same distance was covered, the RS groups completed 

more work by moving an additional load. The difference in workload could have an impact on 

the results; depending on the protocol, it is possible that UR training was too easy to elicit an 

adaptation, or an RS group could have experienced overtraining. Additionally, with the wide 

range of training status among the participants and concurrent training, different training 

prescription would be appropriate.  

Conclusion 

The cumulative results from peer-reviewed research published between September 2005 

and June 2022 indicate that RS training has a small, non-significant positive effect on initial 

sprint speed compared to UR training. A trivial and non-significant 0.11 effect size was 

calculated. The findings also lacked heterogeneity.   

 Only two studies in this review of 15 found UR training to have significant improvements 

when RS did not have significant improvements. Research should continue to examine the 

difference between RS and UR training in different populations and further assess increased 

loads and volume prescription. Two studies in this review found maximal power producing 

loads, yielding a velocity reduction of approximately 50%, resulted in RS training having greater 

improvements over UR in well trained athletes (Escobar Álvarez et al., 2021; Morin et al., 2017); 
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however, significant improvement using this load was not seen in recreational athletes 

(Rodríguez-Rosell et al., 2020). Additional studies examining the effect of different loads have 

shown a benefit from increased weight (Bachero-Mena & Gonzalez-Badillo, 2014; Kawamori et 

al., 2014), which would suggest resisted sprint training with greater loads may have a positive 

effect. Training experience and concurrent sport training should also be accounted for when 

researching and prescribing resisted sprint training.
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Table 2.1 Studies examining the effects of resisted sprint training 

Source N 
Gender 

M/F 

Resistance 

 Load 

Freq 

(d/wk) 

Dur 

(wks) 
Participants 

Alcaraz et al., 2014  22 14/8 7.5% SR  2 4 National track athletes 

Escobar Àlvaraz et al., 2021 31 31/0 50% VD 2 8 Rugby: amateur 

Kristensen et al., 2006  12 8/4 15 kg 3 6 Competitive students  

Lockie et al., 2012  18 18/0 12.6% BM 2 6 Field sport athletes 

Luteberget et al., 2015  18 0/18 12.4% BM 2 10 Handball: semi-pro 

Makaruk et al., 2013  24 0/24 10% VD 3 9 “Highly fit” college students 

McMorrow et al., 2019 13 13/0 30% BM 1-2 6 Soccer: professional 

Morin et al. 2017 16 16/0 80% BM 2 8 Soccer: amateur 

Pareja-Blanco et al., 2020 28 0/28 40% BM 1 8 Recreational athletes 

Rodriquez-Rosell et al., 2020 60 60/0 20% BM 

40% BM 

60% BM 

80% BM 

1 8 Recreational athletes 

Sinclair et al., 2021 26 26/0 20% VD 2 8 Rugby: professional 

Spinks et al., 2007  20 20/0 10% VD 2 8 Rugby/soccer: semi-pro  

Upton, 2011  19 0/19 12.6% BM 3 4 Soccer: DI collegiate 

West et al., 2013  20 20/0 12.6% BM 2 6 Rugby: professional 

Zafeiridis et al., 2005 22  5kg 3 8 Recreational athletes 

Freq = frequency of training; Dur = duration; VD= velocity decrement; BM= body mass; unknown quantities are left blank 
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Figure 2.2 Forest plot of study effect sizes and 95% CI 
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 CHAPTER 3: DETERMINATION OF VELOCITY DECREMENT FOR  

MAXIMAL POWER DURING RESISTED WHEELCHAIR PROPULSION  

AND THE REPEATABILITY OF POWER MEASUREMENTS

 

Abstract 

 The popularity of wheelchair sports is growing and proper training methods are needed to 

enable athletes to maximize their potential. The first 2-3 pushes to propel a wheelchair are 

crucial to gain advantageous position. For able-bodied athletes, resisted sprint training is utilized 

to specifically train power in sprinting muscles. The same method is recommended for 

wheelchair athletes; however, prescription guidelines are lacking. Like able-bodied athletes, the 

goal should be to train at a load that results in maximal power (Pmax) production. The aim of this 

study was to assess the percent of maximal velocity (Vopt) at which resisted propulsion yields 

Pmax. A secondary purpose was to evaluate the repeatability of Pmax and associated measures. 

Seventeen wheelchair athletes (age 23.8 ± 5.1 years; 8 females, 9 males) participated in a 

repeated measures study that assessed maximal velocity and by progressively adding resistance 

loads over six sprint trials, the velocity at which Pmax occurred, from which Vopt could be 

calculated. Repeatability of Pmax, velocities and the Pmax load, along with measures of exertion 

were evaluated in the participants that completed both trials. The mean Vopt was 50.16% and had 

moderate reliability (ICC = 0.60, p = 0.01). Repeatability of Pmax was excellent (ICC = 0.93, p < 

0.001) while repeatability of Pmax load was good (ICC = 0.88, p < 0.001) between the two days 

of trials. These results indicate that pushing against resistance loads resulting in a Vopt of 50% 

can be used as a guideline to identify Pmax.   
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Introduction 

Participation in wheelchair (WC) sports has grown extensively since their introduction 

for rehabilitation of World War II veterans. Exposure and funding have contributed to this 

growth (Goosey-Tolfrey, 2012). Although many participate in WC sports, research on training 

methods is lagging (Goosey-Tolfrey & Leicht, 2013; Keogh, 2011). 

Many training principles and practices can be adopted from able-bodied (AB) training; 

however, there are some differences to consider for WC sports. While AB athletes move only 

their own bodies, the WC athlete must move as one unit with their chair. Unlike bipedal motion, 

the WC provides a mechanical advantage to locomotion. Once the athlete propels the WC, 

momentum will continue moving the athlete-wheelchair unit in that direction. It is the first two 

pushes of the wheels that are most important to the WC athlete; if maximal force is applied, it 

becomes a matter of arm speed to keep up with the quickly rotating wheels in the hopes of 

applying a small amount of additional force (Jarvis; van der Woude et al., 1998). 

As with AB sports, a key to success in WC sports is the ability to gain preferential 

position over an opponent. On the track, it is reaching the finish line first. In ball sports, it may 

be scoring points, becoming open, procuring more time to play the ball, or gaining a defensive 

advantage. To improve speed in initial steps, AB athletes utilize resisted running to overload and 

specifically train for power in the running muscles (Cronin & Hansen, 2005; Harrison & Bourke, 

2009; Lockie et al., 2003; Spinks et al., 2007). Resisted sprint training (RS) has been found to 

improve jump power (Alcaraz et al., 2008; Bachero-Mena & Gonzalez-Badillo, 2014; Harrison 

& Bourke, 2009) and sprint acceleration (Harrison & Bourke, 2009; Makaruk et al., 2013; Spinks 

et al., 2007; West et al., 2013; Zafeiridis et al., 2005). The same training method has been 
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recommended for power development in wheelchair athletes (Goosey-Tolfrey, 2012; Jarvis); 

however, load and dosage recommendations are lacking.  

For RS training, load was traditionally set at approximately 12% body mass (BM) to 

minimize kinematic changes that occurred with a greater than 10% speed decrement (Bachero-

Mena & Gonzalez-Badillo, 2014; Harrison & Bourke, 2009; Lockie et al., 2003; Spinks et al., 

2007; Zafeiridis et al., 2005). Studies then suggested heavier loads elicited greater adaptations 

(Bachero-Mena & Gonzalez-Badillo, 2014; Kawamori et al., 2014; Pantoja et al., 2018) and 

examination of maximal power (Pmax) production during overground running began. The 

importance of horizontal power was acknowledged to be crucial for initial velocity (Samozino et 

al., 2021) and to develop Pmax, identifying and training at Pmax is essential (Soriano et al., 2015). 

The relationship between force, velocity, and power indicates that a specific combination of 

force and velocity, termed optimal force (Fopt) and optimal velocity (Vopt), will yield Pmax for a 

given exercise (Cormie et al., 2007; Cronin et al., 2001; Soriano et al., 2015). For RS training, 

Cross et al. (2017) measured Pmax load, or optimal load (Lopt), as 69% - 91% BM for recreational 

athletes and 70% - 96% BM for sprinters. These loads equated to a Vopt of approximately 50% of 

maximal, unresisted velocity. Using these results it was found that rugby players training with 

loads eliciting 50% of maximal velocity significantly improved sprint times compared to 

teammates participating in unresisted sprint training (Escobar Álvarez et al., 2021).  

In WC sports, maximal mean propulsive power for bench press, shoulder press, and 

prone bench pull had significant correlations with acceleration in WC propulsion (Loturco et al., 

2020) indicating the importance of power. Loading according to body mass is not practical for 

wheelchair athletes due to the varying degrees of limitations. The degree of core involvement has 

a large influence on the amount of power exerted on the wheels. Orthopedic and neurological 
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conditions of the arms will also impact exertion of power and amputations can make BM 

misleading. Given such a wide range of limitations, the training load as a percent of BM is not 

practical for WC athletes. Still, to properly train Pmax, it must be identified. Measuring Pmax 

requires specific equipment, personnel to operate the equipment, and time. Such methods are not 

readily available to all WC athletes and coaches. Due to the force-velocity-power relationship, 

identification of Vopt, which can easily be assessed, will be indicative of Pmax  (Cronin et al., 

2001; Cross et al., 2017).   

 Knowing the Vopt, or the percentage of maximal velocity, that yields Pmax should enable 

practitioners to identify the Lopt for proper resisted power training. Since individual limitations in 

resisted propulsion would match unresisted propulsion in WC athletes, Vopt would be more 

reliable than a BM percent for Pmax training prescription. The purpose of this study was to 

identify the Vopt at which Pmax was achieved and to assess the repeatability of Pmax and associated 

factors.  

Methods 

Experimental approach to the problem   

Maximal velocity was measured with standard 20-m sprint tests and compared to Pmax 

velocity to identify Vopt. To evaluate Pmax, participants pushed against resistance progressively 

increased over six successive sprint trials. Resistance was set by a robotic resistance device 

(1080 Sprint, 1080 Motion, Lidingo, Sweden) which continually recorded power, time, distance, 

and speed for each trial. Instantaneous maximal power and mean power values were used to 

identify when Pmax was reached. Based on field observations of resisted propulsion, Pmax was 

expected within 15 m. The procedure was repeated 72 hours later to determine the repeatability 

of Pmax, Lopt, Vopt, and related components 
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Participants  

Seventeen WC athletes were recruited from a collegiate adapted athletics program to 

participate in the study. Due to factors unrelated to the study, four athletes were unable to 

complete the second trial assessing repeatability. Participants had at least 3 years of competitive 

WC sport experience, were between 18 and 40 years old, and had engaged in at least three 

training sessions a week for the previous 4 weeks following the conclusion of their collegiate 

season. Playing classification, 1.0-4.5, per the National Wheelchair Basketball Association 

(NWBF) or International Wheelchair Basketball Federation (IWBF), age, and sex were reported.  

Participant weight, both with and without their sport wheelchair, was measured to the nearest 

tenth of a kilogram (AE Adam, PTM 500 and AE402, Oxford, CT) prior to testing. Participant 

characteristics for Pmax assessment are shown in Table 3.1 and for repeatability measures in 

Table 3.2. Participants provided written informed consent to participate in the institutional 

review board approved study.   

Table 3.1 Participant characteristics for assessment of maximal power. Age and mass expressed 

as mean (SD).  

    Category*   

  Age (years) A B Mass (kg) Mass w/chair (kg) 

Female 8 24.0 (4.8) 4 4 66.7 (16.9) 79.5 (16.8) 

Male 9 23.7 (5.7) 5 4 70.2 (18.2) 83.2 (18.9) 

Total 17 23.8 (5.1) 9 8 68.5 (17.1) 81.5 (17.0) 

*Category A and B are low (1.0-2.5) and high (3.0-4.5) classifications, respectively. 

Table 3.2 Participant characteristics for determining repeatability of power. Age and mass 

expressed as mean (SD). 

       Category*   

  Age (years) A B Weight (kg) Weight w/chair (kg) 

Female 4 24.8 (7.1) 1 3 64.8 (19.4) 77.9 (20.0) 

Male 9 23.7 (5.7) 5 4 70.2 (18.2) 83.2 (18.9) 

Total 13 24.0 (5.9) 6 7 68.5 (17.9) 81.6 (18.5) 

*Category A and B are low (1.0-2.5) and high (3.0-4.5) classifications, respectively. 
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Procedure  

Participants completed two testing sessions consisting of a 20-m sprint test and resisted 

propulsion on a wooden gymnasium floor. Familiarization sessions with the resistance device 

took place 10 weeks and 2 weeks prior to the study as the competitive season and device 

availability allowed. Tests were 72 hours apart and performed at the same time of day (± 1 hour). 

Participants were asked to refrain from strenuous physical activity for 24 hours prior to the test. 

Upon reporting to the gymnasium, athletes completed a warm-up consisting of 2 minutes of 

continuous pushing at a self-selected pace. This was followed by short sprint bouts and 

stretching of the athletes’ choosing.    

For the 20-m sprint test, athletes were strapped in their sports chairs as they would be for 

training or competition. From a static start the athlete moved as quickly as possible to the 20-m 

mark. Timing gates (Brower Timing, Draper, UT) were set at 10, 12, 15, and 20 m to record split 

times for comparison to resisted propulsion times. Three trials were performed with a 2-min rest 

permitted between each trial. The fastest time at 10 m (distance used for resisted propulsion 

analysis) was used for analysis.  

Following the 20-m sprint test, athletes pushed 15 m with progressively loaded resistance 

for up to six trials. Trials were limited to prevent fatigue and all participants appeared, based on 

immediate power values provided by the resistance device, to reach a Pmax effort within the six 

trials. It was expected that high velocity values would exist with early loads and higher force 

values would result from heavier loads, with the optimal combination, producing Pmax, occurring 

in the middle of the six trials. The string of the resistance device was clipped to the wheelchair 

via a pulley (Selden Ball Bearing Block 40 Single, Västra Frölunda, Sweden) as close to the 
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center of the wheel axis as possible. The pulley enabled the resistance device to double its 

resistance up to 30 kg.  

An initial resistance load of 8%-20% body mass, based on classification and pilot work, 

was applied. The load increased 1-2 kg, less than 20% of the previous load, for each successive 

trial. The return tension was set at 0.1 m/s (minimum) to prevent pulling back on the chair. Three 

minutes rest was permitted between trials. Those using an initial load over 12 kg were permitted 

a warm-up at 8 kg as a progressive step to a heavy first load.  

The resistance device recorded power for the duration of the trial in addition to time, 

distance, and speed. Maximal power was determined by averaging the five highest power 

producing pushes that occurred in the first 10 m. Pilot data indicated that an individual could 

have one large power push while other pushes were of relatively low power values. To train 

power, 3-5 repetitions are recommended (Sheppard & Triplett, 2016) so the trial with the highest 

power when the top five pushes were averaged was used for analysis. Power levels dropped 

precipitously beyond 10 m suggesting resisted propulsion beyond this mark is not conducive to 

maximal power development. A heart rate monitor (Polar, Warminster, PA) was worn by 

participants and a digital reading was taken as the participant reached 15 m. Participants reported 

their rating of perceived exertion (RPE) on the Borg scale (Borg, 1998) from a paper chart 

immediately following each 15-m trial. Values from the Pmax trial were used for analysis. 

Data analysis 

Raw data from the resistance device was imported into Microsoft Excel (Microsoft Office 

365 Personal, Redmond, WA) where pivot tables were used to extract Pmax and associated time 

and load values and Vopt was computed. Statistical analysis was completed with IBM SPSS 27.0 

(IBM SPSS Statistics, IBM Corporation, Armonk, NY). Descriptive statistics were reported for 
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the individual Pmax trials of each session. Paired sample t-tests and intraclass correlation (ICC) 

(Koo & Li, 2016) were used to compare values for reliability measures. Skewness was assessed 

for distribution normality. An alpha value of 0.05 was used for analysis.  

Results 

The mean Vopt was 50.16% (7.51%) as seen in Table 3.3. The distribution of Vopt is 

shown in Figure 3.1. The repeatability of Pmax, shown in Table 3.4 and Figure 3.2, was excellent 

with no significant difference between the means (t(12) = -0.20, p = 0.84). The repeatability of 

Vopt is shown in Table 3.4 and Figure 3.3. The two assessments of Vopt were moderately related, 

and mean values were not significantly different (t(12) = -0.20, p = 0.84). The repeatability 

relationship between measures of Lopt was good, as shown in Table 3.4 and Figure 3.3, and mean 

values were not significantly different (t(12) = 0.46, p = 0.66). As measures of exertion, HR and 

RPE were compared between Pmax trials (Table 3.4). The repeatability of HR was good even 

though mean values were significantly different (t(12) = -2.52, p = 0.03). Mean values of RPE 

were not significantly different (t(12) = 1.89, p = 0.08), but repeatability was not significant. 

Skewness values indicated normal distribution for all measures. 
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Table 3.3 Velocity, power, and load measures (n = 17). 

 Mean (SD) Range 

10-m Maximal Velocity (m·s-1) 2.88 (0.27) 2.37-3.27 

10-m Velocity at Pmax (m·s-1) 1.44 (0.21) 1.06-1.80 

Vopt (% Maximal Velocity)  50.16 (7.51) 38.96-62.50 

Pmax (W) 371.59 (134.09) 182.80-594.83 

Lopt (kg) 13.88 (5.15) 8-25 

Pmax = maximal power output; Vopt = optimal velocity, where Pmax occurs; Lopt = optimal load, 

where Pmax occurs 

 

Table 3.4 Comparison of velocity, power, load, and exertion values for repeatability (n = 13). 

 Trial 1 Trial 2 Intraclass 

 Mean (SD)  Mean (SD) Correlation 

 Range Range (ICC) 

10-m Maximal Velocity (m·s-1) 2.93 (0.26) 

2.49-3.27 

2.92 (0.29) 

2.47-3.27 

0.93** 

10-m Velocity at Pmax (m·s-1) 1.42 (0.21) 

1.06-1.80 

1.50 (0.23) 

1.07-1.77 

0.63* 

Vopt (% Maximal Velocity)  48.59 (7.55) 

38.96-62.50 

51.58 (8.25) 

40.46-64.12 

0.60* 

Pmax (W) 394.54 (135.74) 

201.56-594.83 

397.31 (131.14) 

189.66-550.38 

0.93** 

Lopt (kg) 14.85 (5.29) 

8-25 

14.15 (4.58) 

6-21 

0.88** 

HR (bpm) 143 (15)ǂ 

109-160 

151 (18) 

115-170 

0.73* 

Borg RPE 16 (2) 

11-19 

14 (3) 

8-18 

0.21 

Pmax = maximal power output; Vopt = optimal velocity, where Pmax occurs; Lopt = optimal load, 

where Pmax occurs; HR = heart rate immediate post-Pmax trial; RPE = rating of perceived exertion 

immediate post-Pmax trial; *p < 0.05; **p < 0.001; ǂ = p < 0.05 HR trial 1 versus HR trial 2  
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Figure 3.1 Distribution of percent of maximal velocity when reaching peak power. 

 

 
Figure 3.2 Repeatability of maximal power for trials 1 and 2 (n = 13). 
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Figure 3.3 Repeatability of optimal velocity (% of maximal velocity) for trials 1 and 2 (n = 13). 

 

 
Figure 3.4 Repeatability of optimal load for trials 1 and 2 (n = 13). 
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Discussion 

This study demonstrated that Pmax for WC propulsion was achieved at a mean Vopt of 

50.16% of maximal velocity. As this appears to be the first study to analyze power and velocity 

in overground WC propulsion, results cannot be compared to other findings. However, the Vopt 

does match that of multi-sport athletes and sprinters in a study by Cross et al. (2017), which 

sought to determine a means of predicting Lopt for resisted sprint training by analyzing the force-

velocity-power relationship. Loads of 69%-90% BM were found to induce a Vopt of 

approximately 51% that resulted in Pmax.   

 Three ensuing AB studies used the work of Cross et al. (2017) to set and test loads. Male 

soccer players using loads of 80% BM, expected to produce Vopt, achieved moderate 

improvements in 5-m sprint times verses small improvements in their unresisted counterparts 

(Morin et al., 2017). Female rugby players using a Vopt of 50% showed moderate to very large 

improvements in 5-m and 20-m sprints compared to those training without a load (Escobar 

Álvarez et al., 2021). Finally, in a comparison of loads resulting in 10% and 50% maximal 

velocity, it was reported that there was not a significant difference between the small 

improvements of both groups (Cross et al., 2018).  

 Repeatability of power was excellent between trials; ICC = 0.93. As this appears to be 

the first study to assess maximal overground WC propulsion power, it cannot be directly 

compared to results of other studies. Repeat Wingate anaerobic tests with 13 WC basketball 

players performed on a WC ergometer demonstrated Spearman Rank correlations of 0.95 and 

0.92 for peak and mean power, respectively (Hutzler et al., 2000). Medicine ball throw, a 

common test for power in WC sports, demonstrated a Pearson Product Moment correlation of 

0.96 in test-retest reliability (for a 3-kg throw) in senior citizens (Harris et al., 2011). The present 
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study also demonstrated an ICC of 0.93 for test-retest reliability of the unresisted 10-m sprint (as 

a portion of the 20-m sprint test, an important component of power). Repeatability of WC sprint 

performance was demonstrated by Rietveld et al. (2019) (ICC = 0.99) in 20-m sprint trials and 

Vanlandewijeck et al. (1999), (r = 0.84), in 30-m sprint trials. 

 In the current study, the reliability of Lopt assessment was good, while the reliability 

assessment of Vopt was moderate. Again, as this appears to be the first study of its kind, these 

values cannot be compared to existing literature. For measures of exertion at Pmax, HR between 

the two trials was moderately related, but there was not a significant relationship between RPE 

over the two trials. Maximal HR can vary greatly among WC athletes due to the wide range of 

physical differences; however, with-in subject measures should reflect similar measures of effort. 

In comparing First and Third Division WC basketball players in a Yo-Yo intermittent test, 

maximal HR was slightly higher in the First Division players, although differences were not 

significant (Granados et al., 2015). In the same cohort, RPE as a measure of exercise load 

exertion was significantly greater in the First Division players but did not relate to 

anthropometric variables, classification, or training status. Additionally, RPE as a measure of 

respiratory rate exertion appeared to be independent of all other measures (Granados et al., 

2015).  

This study compared results of 13 WC basketball players (9 men, 4 women) with 

classifications ranging from 1.0 to 4.5. While performance differences due to class and biological 

sex can be expected, these differences should not affect repeatability. Although the repeatability 

of Pmax and Lopt were excellent and good, respectively, the reliability of Vopt was not as strong 

and warrants further study. Also, although the identification of Vopt as approximately 50% of 

maximal velocity matches results found in AB resisted sprinting and may serve as a good 
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estimate for identifying Lopt, the variability in Vopt should be appreciated. When comparing those 

participants whose Vopt fell outside of ± one standard deviation with the others, there were no 

obvious differences in class, mass, biological sex, or power levels. Additionally, the present 

study used participants of similar training status and from the same sport. Future studies should 

include participants from different sports and of different training backgrounds. 

Conclusion 

 Resisted propulsion has been recommended for the training of WC athletes as a means of 

improving initial WC propulsion just as it is thought to improve sprint acceleration in AB 

athletes. Due to the wide range of impairments among WC athletes, setting a resistance based on 

body mass is not practical. The current study results aligned with an AB study that also found 

Pmax resulted at a velocity of approximately 50% maximal (Cross et al., 2017). Resisted sprint 

training studies in AB athletes have shown that training at a Vopt of 50% has yielded significant 

improvements over unresisted sprint training (Escobar Álvarez et al., 2021). While repeatability 

of Pmax and Lopt were excellent and good, respectively, test-retest measurement of Vopt 

demonstrated only moderate reliability. Also, the reasons for inter-individual variability in Vopt 

remain unclear. Although current results are promising, further study is warranted to increase the 

utility of Vopt to prescribe loads for training power in WC athletes. 
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CHAPTER 4: MAXIMAL WHEELCHAIR PROPULSION  

POWER AND THE RELATIONSHIP TO TRADITIONAL  

MEASURES OF POWER, STRENGTH, AND SPEED 
 

Abstract 

 Due to increasing participation in wheelchair (WC) sports, there is a need for better 

training prescription. The first 2-3 pushes of the wheels are crucial for gaining a preferred 

position in WC sports and the power that provides this propulsion should be trained. The purpose 

of this study was to examine the relationships between maximum propulsive power (Pmax), 

traditional methods of power measurement, and factors related to power. Seventeen WC 

basketball players (age 23.8 ± 5.1 years; 8 females, 9 males) participated in three testing sessions 

that measured Pmax, Wingate anaerobic test (WAnT) performed on an arm crank ergometer, 

medicine ball throw, speed, and muscle strength and endurance. Pmax was significantly related to 

class (r = 0.62; p = 0.009), medicine ball throw (r = 0.55; p = 0.02), and 20-m velocity (r = 0.65; 

p = 0.005). Significant relationships between Pmax and measures of muscle strength and 

endurance and the WAnT (both peak and mean power) were not evident. 

Introduction 

  Wheelchair (WC) sports have grown quickly since their inception as veteran 

rehabilitation efforts in the 1940s. However, research on training athletes in WC sports has not 

kept pace with the growth (Keogh, 2011). Most training methods are adopted from able-bodied 

(AB) sports training.  

As with any sport, the ability to gain a preferential position is crucial for success in WC 

sports. Propulsion power for the first 2-3 pushes is key to gaining this preferred position. Beyond 
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these initial pushes, the athlete and wheelchair are moving so fast it becomes a matter of arm 

speed to keep up with the rims (Jarvis; van der Woude et al., 1998) and maximal force cannot be 

exerted (van der Scheer et al., 2014). 

A study of two national level wheelchair basketball players indicated that 64% of a game 

is spent in the propulsive phase (Coutts, 1992). An earlier study by Coutts (1990) indicated that 

61% of speed is generated on the first push and an additional 12% (73% total) results from the 

second push. After the third push, the chair and athlete are moving at 80% maximal velocity. 

Therefore, the propulsive power of the first 2-3 pushes is crucial for gaining the advantage on the 

court and should be trained (Vanlandewijck et al., 2001).    

Although power can be trained in the weight room, the theory of specificity indicates WC 

athletes should train power while pushing as AB athletes train sprint power with sled towing. 

Studies have shown that the greatest power gains occur when training at maximal power (Pmax) 

(Cormie et al., 2011; Soriano et al., 2015). To train at Pmax, it first must be identified.  

While the Wingate anaerobic test (WAnT) performed on an arm crank ergometer has 

been the gold standard for assessing power in wheelchair athletes (Goosey-Tolfrey & Leicht, 

2013; Weber et al., 2021), it is acknowledged that this test does not account for trunk 

involvement and the specificity of wheeling (Tropp et al., 1997). Wheelchair ergometers and WC 

treadmills are also used to test power but lack ecological validity compared to overground 

propulsion (Granados et al., 2015). Additionally, all these methods require resources that are not 

readily available to all WC athletes. Establishing field tests to estimate power for the purpose of 

training prescription is ideal (Goosey-Tolfrey & Leicht, 2013; Weber et al., 2021).   

The medicine ball throw is a field test used to measure upper body power; and, as power 

is the product of force and velocity, strength and speed field tests are also used as determinants 
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of power. Additionally, an individual’s size, or mass, and in the case of WC athletes, their level 

of impairment will also affect power production. The purpose of this study was to investigate the 

relationship between WC Pmax and other measures of power and power-related parameters. Such 

relationships may help identify trainable characteristics for propulsion power.   

Methods 

Experimental approach to the problem 

Wheelchair propulsion Pmax values were attained by progressively adding resistance to 

successive sprint trials. Resistance was set by a robotic resistance device (1080 Sprint,1080 

Motion, Lidingo, Sweden) which continually recorded power, time, distance, and speed for each 

trial. Instantaneous power values were evaluated for each trial to determine subsequent 

resistance. Participants were limited to six trials to prevent fatigue from influencing power 

output. Participants pushed for 15 m as field experience and pilot work indicated Pmax would 

occur within this distance. 

 Propulsion Pmax was then correlated to other measures of power quantified with a 

medicine ball throw and WAnT performed on an arm ergometer. Since speed and strength are 

components of power, Pmax was compared to speed over 20 m (a common test in wheelchair 

basketball), a one-repetition bench press maximum (1RM), and a bench press submaximal test at 

70% 1RM that assessed muscular endurance. Playing classification as assigned by the National 

Wheelchair Basketball Association (NWBF) or International Wheelchair Basketball Federation 

(IWBF), accounting for impairment level, and body weight with wheelchair were considered 

when assessing relationships.   
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Participants  

Seventeen competitive wheelchair basketball athletes participated in the study. One was 

unable to complete the bench press session because of an injury unrelated to the study but 

completed all other tests. All participants had at least 3 years of competitive wheelchair sport 

experience, were between 18 and 40 years old, and had engaged in at least three training sessions 

a week for the previous 4 weeks following the conclusion of the collegiate competitive season. 

Participant characteristics are shown in Table 4.1. The study met ethical standards and was 

approved by the Institutional Review Board. All participants were informed of the purpose and 

procedures and signed written consent forms before participating.  

Procedure  

Testing occurred over 3 sessions. Pmax, 20-m velocity, and medicine throw were 

completed on a wooden gymnasium floor in one session. The WAnT took place in a laboratory 

during another session, and bench press measures were recorded in a third session. Participant 

mass, both with and without their sport wheelchair, was measured (AE Adam, PTM 500 and 

AE402, Oxford, CT) prior to testing. Participants were asked to refrain from strenuous physical 

activity within 24 h of testing and completed a 24-h history questionnaire prior to each session. 

Gymnasium and laboratory testing took place at approximately the same time of day. All testing 

was completed on separate days within a 2-week period. Testing order and time between 

sessions varied by participant based on scheduling availability. All but one participant had at 

least 48 h between sessions.    

Laboratory session 

The WAnT was performed on an arm ergometer (Monark 891E Wingate Option, 

Vansbro, Sweden) with the hand pedals adjusted to a height such that the pedal axis was level 
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with the glenohumeral joints. Participants were seated and could use their sport chair and 

strapping to ensure maximal power output. Wheelchairs were blocked to prevent movement. The 

trial began with a 2-min warm-up period in which the participant cranked at approximately 60 

rpm with a resistance set to achieve a 50-W work rate. Following the warm-up, a load between 

2.5% and 10% body weight, based on participant classification was added (van der Woude et al., 

1989). Participants were instructed to crank the pedals in an all-out effort for 30 s. Verbal 

encouragement was provided throughout. Peak power (PP), measured as the highest 5 s of power 

production, and mean power (MP) for the 30-s trial were recorded from the work performed. 

Following the test, the athletes cooled down at the initial warm-up level. A heart rate monitor 

(Polar, Warminster, PA), consisting of an elastic band worn around each athlete’s chest, recorded 

heart rate throughout the test and the value at the end of the 30-s all-out effort was recorded for 

analysis. Participants also reported rating of perceived exertion (RPE) using a subjective scale 

(Borg, 1998) on a paper chart at the conclusion of the 30 s. 

Gymnasium session 

A second session took place on a wooden gymnasium floor and included a medicine ball 

throw, 20-m sprint test, and resisted pushing over 15 m. Warm-up consisted of continuous 

pushing at a self-selected pace for 2 min followed by a series of short sprints. Participants were 

permitted to stretch as they felt necessary. 

The medicine ball throw was performed with athletes seated and strapped into their sport 

chairs. The front and back casters were blocked to prevent chair movement. Athletes were 

instructed to begin with their backs against the backrest and use a chest pass motion, hands 

behind the ball, forearms parallel to the floor, to throw the 6-lb (2.3-kg) ball (SPRI Xerball, 

Louisville, CO) as far and as straight as possible. One practice throw was permitted and then 
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three throws were measured from the front caster to the point the ball first contacted the floor. A 

2-min rest was allowed between each throw. Measurements were made to the nearest cm and the 

best throw was recorded for analysis.    

For the 20-m sprint test, athletes were strapped in their sports chairs as they would be for 

training or competition. From a static start the athlete moved as quickly as possible to the 20-m 

mark. Verbal encouragement was given throughout, and time was measured by timing gates 

(Brower Timing, Draper, UT). Three trials were given with a 2-min rest permitted. The fastest 

time was used for analysis.  

Following the 20-m sprint test, the athlete’s chair was attached to the line of the 

resistance device (1080 Sprint, 1080 Motion, Lidingo, Sweden) at the point on the frame nearest 

the center of the wheel axel. A pulley (Selden Ball Bearing Block 40 Single, Västra Frölunda, 

Sweden) was added to the line so resistance could be maximized at 30 kg. Familiarization 

sessions with the resistance device were offered 10 and 2 weeks prior to the study as the 

competitive schedule permitted. Athletes pushed 15 m with progressively loaded resistance for 

up to six trials. An initial resistance load of 8%-20% body weight was applied based on athlete 

classification, mass, and pilot work. The load increased 1-2 kg, less than a 20% increase, for 

each trial. Athletes using an initial load greater than 12 kg had the option of a warm-up run at 8 

kg. The return tension speed was set at 0.1 m/s (minimum) to prevent pulling back on the chair. 

Up to 3 min of rest was permitted between trials.  

The resistance device recorded power parameters for the duration of the trial. This 

provided instant feedback on power which permitted investigators to select successive loads and 

identify when Pmax had been reached. Based on the power-force-velocity relationship, it was 

expected that initial trials would have high velocity, low force and later trials would have high 
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force, low velocity with the optimal levels of force and velocity resulting in Pmax within the six 

trials. Athletes were instructed to push as hard as they could and received verbal encouragement 

throughout their trials.  

Measurements made by the resistance device every 0.003 seconds were used for 

identification of Pmax. Pilot data indicated that an individual could have one large power push 

while other pushes were of relatively low power values. To train power, 3-5 repetitions are 

recommended (Sheppard & Triplett, 2016) so the trial with the highest power when the top five 

pushes within 10 m were averaged was used for analysis. Beyond 10 m, power values dropped 

substantially. A heart rate monitor (Polar, Warminster, PA) was worn during each trial and the 

heart rate at the end of the 15 m was recorded for analysis. Participants reported RPE at the 15-m 

mark. 

Weight room session 

A third session tested maximal strength and muscle endurance in a weight room. The 

procedure outlined by the National Strength and Conditioning Association (NSCA) was used to 

obtain 1RM bench press. Participants began with a warm-up of 5-10 repetitions at a load 

prescribed by the strength coach, rested 1 min, then lifted a load allowing for 3-5 repetitions. For 

the rest of the procedure rest intervals increased to 2-4 minutes. Athletes then completed 2-3 

repetitions at a near maximal load before making one repetition attempts with the load increasing 

(or decreasing) 5-10% each attempt until maximal load was found. Once the subject’s 1RM was 

determined, they rested 20 min before completing as many repetitions as possible at 70% of their 

1RM. This number of repetitions was used to represent muscular endurance.   
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Data analysis 

Raw data from the resistance device was imported into Microsoft Excel (Microsoft Office 

365 Personal, Redmond, WA) and pivot tables were used to extract power and time values for 

each trial. Statistical analysis was completed with IBM SPSS 27.0 (IBM SPSS Statistics, IBM 

Corporation, Armonk, NY). Pearson correlation was used to assess the strength of relationship 

between Pmax and potential power related measures after skewness confirmed normal 

distributions of data. Descriptive statistics are expressed as mean (SD). An alpha value of 0.05 

was used for analysis.  

Table 4.1 Participant characteristics. Age and mass expressed as mean (SD).  

    Category*   

 n Age (y) A B Body Mass (kg) Mass w/chair (kg) 

Female 8 24.0 (4.8) 4 4 66.7 (16.9) 79.5 (16.8) 

Male 9 23.7 (5.7) 5 4 70.2 (18.2) 83.2 (18.9) 

Total 17 23.8 (5.1) 9 8 68.5 (17.1) 81.5 (17.0) 

*Category A and B are low (1.0-2.5) and high (3.0-4.5) classifications, respectively 

Results 

Descriptive statistics expressing the mean and standard deviation for power, strength, and 

speed measures are presented in Table 4.2. Table 4.3 shows correlations among Pmax and 

trainable characteristics associated with power. Pmax had moderate, significant relationships with 

class, medicine ball throw, and 20-m sprint. Scatterplots showing these relationships are shown 

in Figures 4.1, 4.2, and 4.3. The medicine ball throw exhibited strong, significant correlations 

with class, mass, 1RM, 20-m velocity, and WAnT PP and MP. The 1RM was strongly correlated 

with 20-m speed and moderately correlated with class and both PP and MP determined from the 

WAnT. The strongest correlation was between WAnT PP and MP. Twenty-meter velocity 

exhibited a strong correlation with class and moderate correlations with WAnT PP and MP.  
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The mass of the athlete and their chair exhibited a strong, significant correlation with 

medicine ball throw. Combined mass of the athlete and their chair also exhibited a significant 

moderate correlation with muscle endurance, WAnT PP, and WAnT MP. The HR assessed 

immediately at the end of the Pmax trial and WAnT were unrelated. Likewise, RPE assessed 

immediately upon the conclusion of the Pmax trial and WAnT were unrelated. 

Table 4.2 Descriptive measures of power, strength, speed, and exertion. 

 n Mean (SD) Range 

Pmax (W) 17 371.59 (134.09) 182.80-594.83 

MB throw (m) 17 5.51 (1.42) 3.35-7.96 

WAnT PP (W) 17 278.85 (138.32) 105.11-692.16 

WAnT MP (W) 17 145.71 (63.20) 68.01-302.03 

1RM (lbs) 16 172.5 (57.07) 95-255 

BPEndur 16 10.87 (2.66) 6-15 

20m velocity (m·s-1) 17 3.42 (0.31) 2.87-3.83 

HR (bpm)          Pmax 

                      WAnT 

17 

15 

143 (15) 

165 (22) 

109-160 

115-197 

Borg RPE          Pmax 

                      WAnT 

17 

17 

16 (2) 

17 (1) 

11-19 

15-20 

Pmax = maximal power output; MB = medicine ball; WAnT = Wingate anaerobic test; PP = peak 

power; MP = mean power; 1RM = bench press 1 repetition maximum; BPEndur = muscular 

endurance measured as repetitions at 70% 1RM bench press; HR = heart rate immediate post-

trial; RPE = rating of perceived exertion immediate post-trial 
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Table 4.3 Pearson Correlation matrix of Pmax, class, mass with chair, and trainable characteristics 

related to power (n = 17). 

  

Pmax 

 

Class Mass  

MB 

throw 1RMǂ BPEndurǂ 

WAnT 

PP 

WAnT 

MP 

Class .62** -       

Mass  .12 .53* -      

MB throw .55* .81** .72** -     

1RMǂ .28 .56* .48 .80** -    

BPEndurǂ -.16 -.13 .50* .10    -.18 -   

WAnT PP .39 .78** .58* .87** .66** -.02 -  

WAnT MP .47 .83** .68** .93** .68** .11 .97** - 

20-m sprint  .65** .76** .25 .79** .80** -.33 .68**   .70** 

Class = playing classification; Mass includes player and chair; MB = medicine ball; 1RM = 

bench press 1 repetition maximum; BPEndur = muscular endurance measured as repetitions at 

70% 1RM; WAnT = Wingate anaerobic test; PP = peak power; MP = mean power. *Correlation 

is significant at p < 0.05; **correlation is significant at p < 0.01; ǂ n = 16  

 

 

Figure 4.1 Scatterplot of maximal power with class (n = 17). 
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Figure 4.2 Scatterplot of maximal power with medicine ball throw (n = 17). 
 

 

Figure 4.3 Scatterplot of maximal power with 20-m velocity (n = 17). 
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Discussion 

This study demonstrated that Pmax correlated moderately with class, medicine ball throw, 

and 20-m velocity. A significant relationship between propulsive power and arm crank 

ergometry WAnT power measures was not exhibited. Strength did not correlate with Pmax, but it 

correlated strongly with the medicine ball throw as a measure of power. When compared to more 

traditional measures of power, class exhibited strong relationships with MB throw and arm crank 

ergometry WAnT PP and MP.   

A moderate correlation between Pmax and class was evident in the current study. This 

relationship is logical as the amount of trunk involvement, which the classification is largely 

based on, would seem to influence propulsion power. Numerous studies completed on a 

wheelchair ergometer or motorized treadmill, which mimics overground wheelchair propulsion, 

observed significant relationships between power and classification (Dallmeijer et al., 1994; De 

Lira et al., 2010; van der Woude et al., 1998; Vanlandewijck et al., 1999). Greater power from 

higher class athletes as was also evident in the WAnT and medicine ball assessment of power in 

the current study. Other studies have shown mixed results when comparing arm crank ergometry 

power to classification. Two studies using arm crank ergometry did not find a distinction 

between class and arm crank ergometry power measures. One study examined youth (BaŞAr et 

al., 2013) and the other compared able-bodied to athletes with spinal cord lesions at T8 (class 2) 

or lower (Veeger et al., 1991). However, two other studies found that arm crank ergometry 

power was related to classification (Hutzler, 1993; Molik et al., 2010).  

It was anticipated that medicine ball throw might be a good predictor of Pmax due to the 

similarities in forward motion that would engage similar arm and torso muscles. Although the 

two measures are moderately related, medicine ball throw only accounts for 30% of the 
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variability in maximal power. Medicine ball throw has long been used as a field test indicative of 

power and its correlations with WAnT PP (r = 0.87) and MP (r = 0.93) support the use of 

medicine ball throw as an indicator of power. Other recent studies found medicine ball throw to 

be significantly related to arm crank ergometry measures of power. A strong correlation between 

medicine ball throw and WAnT PP was found by Weber et al. (2021) in a study with mostly 

category A athletes. Marszalek et al. (2019) found strong correlations between WAnT MP and 

medicine ball throw in both category A (class 1.0-2.5) and B (class 3.0-4.5) athletes. Category A 

athletes also exhibited a strong correlation between medicine ball and PP, while a moderate 

correlation was found in category B athletes. The difference in correlations for category A 

players could be due to the lack of trunk muscle assistance for a single all-out effort in medicine 

ball throw. The arm crank ergometry test would not have called for the same level of muscle 

utilization. The present study indicated a strong correlation, r = 0.81, between class and medicine 

ball throw. Similar findings were reported in a study of 11 WC basketball players by Gil et al. 

(2015). 

The common 20-m sprint speed assessment exhibited a moderate correlation with Pmax (r 

= 0.65). Since speed is a substantial component of power, this relationship might be expected. 

However, the current study did not yield a significant relationship between Pmax and the strength 

component (1RM) of power. Other studies analyzing the relationship between arm crank or 

wheelchair ergometer power and short sprint speed have also shown strong correlations 

(Marszalek et al., 2019; Molik et al., 2010; Vanlandewijck et al., 1999). There may be a power 

ceiling when it comes to speed. After the first 2-3 pushes, wheels are moving at such a speed, an 

athlete has limited time to apply force to the rims and is therefore not able to generate maximal 

power (Veeger et al., 1991).   
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Measurement of propulsive power during the bench press has been compared to 

wheelchair sprint performance (Iturricastillo et al., 2019; Loturco et al., 2020; Ozmen et al., 

2014). Loturco et al. (2020) observed that mean propulsive power during bench press strongly 

correlated to acceleration and velocity over 20 m. Another study by Iturricastillo et al. (2019) 

failed to find a significant relationship between bench press power and sprint performance. They 

did, however, determine that peak power measures were achieved at 48.1%-59.4% 1RM and 

recommend this percentage of 1RM for training propulsive power in WC athletes. Six weeks of 

explosive strength training at 50% 1RM yielded significant speed gains in WC basketball 

athletes in a study by Ozmen et al. (2014). 

The present study found a strong relationship between 1RM and 20m velocity (r = 0.80). 

This relationship was not observed in a study of wheelchair track and field athletes which 

evaluated sprints performed over longer distances of 40 m and 100 m (Hoffman et al., 1994). 

Like the present study, Hoffman et al. (1994) did not find a relationship between 1RM strength 

and classification.   

Interestingly, no relationships between Pmax and measures of arm crank ergometry WAnT 

power were found. The authors are aware of only one other study that compared arm crank 

ergometry power to wheeling power determined on a treadmill. Tropp et al. (1997) found 

propulsion on a treadmill produced less power than arm crank ergometry, but the two were 

strongly correlated (r = 0.73). These trials were longer in duration than the current study with 

loads being added every 1-2 min during continuous exercise to assess aerobic capacity. Power 

measures found when assessing aerobic capacity would not be expected to match anaerobic 

power levels. When comparing arm crank ergometry to wheeling, a difference in direction of 

power application, ability to use torso muscles, and range of motion of the arms could account 
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for differences in the two methods of testing power. Measurements of exertion in the form of 

HR and RPE did not correlate between the two power measuring methods. Duration of the 

power measuring trials may explain some of the differences as the 15-m overground trials lasted 

approximately 11.56 (2.15) s versus the 30-s WAnT. Differences in motion may also explain the 

lack of relationship.  

Kinematic and kinetic factors not examined in this study will also affect propulsion 

power. For instance, propulsion technique, including grip on the rim (Goosey-Tolfrey et al., 

2001; Vanlandewijck et al., 2001), wrist action (and thereby forearm strength and speed) (Ferro 

et al., 2021; Goosey-Tolfrey et al., 2001; Vanlandewijck et al., 2001), and arm movement pattern 

(Vanlandewijck et al., 2001) will affect propulsion power. A chair that properly fits the athlete is 

essential for maximal performance. Chair considerations include seating position 

(Vanlandewijck et al., 2011), chair mass, wheel size and camber to suit arm range of motion, and 

tire quality and pressure (de Groot et al., 2013; Sawatzky et al., 2015). Additionally, proper 

strapping, or securing the athlete to the chair, will allow the athlete to exert maximal effort. 

Allowing participants of the present study to use their own chairs enhances ecological validity as 

many tests with wheelchair ergometry use a standard chair for all participants.   

Conclusion 

 Training Pmax is important for WC athletes to improve WC propulsion enabling them to 

move faster and gain advantageous position over the opposition. Measurement of Pmax requires 

equipment and expertise that are not available to many athletes. The present study found that 

class, medicine ball throw, and 20-m velocity are related to power. This suggests improvements 

in medicine ball throw and 20-m velocity would also indicate improvement in propulsive power. 

That is, training methods targeting speed and medicine ball throw power are potentially training 
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wheelchair propulsion power. Although bench press strength did not relate directly to propulsion 

power in the present study, it had a strong correlation with medicine ball throw and WAnT 

measures of power. Explosive strength training may be an effective training method to increase 

wheelchair propulsive power. Further investigation with a larger and more diverse sample may 

be needed to reveal more about the factors that affect WC propulsion power. 
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CHAPTER 5: CONCLUSION

 The purpose of this study was to examine resisted propulsion as a means of improving 

propulsion power and thereby performance in wheelchair athletes. As many wheelchair sport 

training methods are adopted from able-bodied sport, an examination of resisted sprint training 

was completed to gain insight into methods and considerations for resisted training. A review of 

literature showed that resisted sprint training was not statistically superior to unresisted sprint 

training. However, more recent findings indicate loads reducing maximal velocity to 50% may 

yield greater improvements. Steps were then taken to identify a means of assessing appropriate 

resisted training load for wheelchair athletes.   

 To identify appropriate training load for resisted wheelchair propulsion, maximal 

propulsion power had to first be assessed. In line with studies from weightlifting (Cormie et al., 

2011; Cronin et al., 2001) and sprint and plyometric training (Cross et al., 2017), one must train 

at maximal power to improve it. Maximal propulsion power was assessed in 17 wheelchair 

athletes and speed during maximal power propulsion and unresisted propulsion were compared. 

It was found that loads inducing a velocity change of approximately 50% (50.16 ± 7.51)   

produced maximal power. These results align with velocity decrements found in able-bodied 

athletes when running at peak power (Cross et al., 2017). Training with loads that create this 

velocity decrement have also been shown to significantly improve sprint performance (Escobar 

Álvarez et al., 2021; Morin et al., 2017).  

 Since proper measurement of wheelchair propulsion power is not readily available, field-

test measures were examined to identify relationships to maximal propulsion power. Medicine 
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ball throw and 20m speed exhibited moderate correlation (r = 0.55 and r = 0.65, respectively) 

with maximal propulsion power. Training and improving performance in these parameters may 

result in improvements in propulsion power.  

It was surprising that maximal propulsion power did not relate to Wingate anaerobic test 

power assessed on an arm crank ergometer as this has been the gold standard for assessing power 

in wheelchair athletes. A previous study by Tropp et al. (1997) comparing arm crank ergometry 

and wheelchair propulsion on a treadmill found a strong correlation (r = 0.73) between maximal 

power outputs but these trials had longer durations than the present study. Due to the different 

positions and direction of force required for each test, it is plausible that the varying levels of 

impairment among wheelchair athletes would result in different power performances.  

Strength also did not exhibit a relationship with maximal propulsion power. It did, 

however, have a strong relationship with medicine ball throw (r = 0.80), a traditional field 

measure of power. Strength was also found to have a significant relationship with power 

assessed through arm crank ergometry. 

Training an action at maximal power is crucial for developing power in that action. This 

practice is used in the weight room and in sprint training. It is also recommended for wheelchair 

athletes to develop power in the first 2-3 pushes of the wheels that determine overall velocity 

(Goosey-Tolfrey, 2010). The present study indicates that maximal propulsion power occurs with 

a load eliciting approximately 50% of maximal velocity. As propulsion power was found to be 

related to medicine ball throw and speed, these parameters may be tested to help prescribe  

resistance load or as an indicator of propulsion power. Future studies should evaluate training at 

loads producing 50% maximal velocity and should also explore dosage recommendations for 

resisted propulsion. 
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