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Understanding and improving a complex skill

The current thesis aimed to gain a better understanding of the complex skill of wheelchair 

tennis, by evaluating the wheelchair-athlete-environment interactions, in order to improve 

the wheeling performance. Wheeling performance was subdivided into wheelchair mobility 

performance, wheelchair propulsion technique and physical and mental strength (Fig 0.1). 

Wheelchair mobility performance was defined as the ability of the athlete to handle the 

wheelchair on the field (1), while wheelchair propulsion technique focuses on the more 

detailed push characteristics (forces, timing) behind this performance (2). In the current 

general discussion, the different interaction factors (athlete, configuration, environment) 

with their influence on wheeling performance were discussed with future directions per 

domain (Fig 7.1). Followed by the practical implications and clinical relevance of this work. 

Fig 7.1. Key focus points of this thesis are presented together with the next steps for future research and its con-
ceptual framework. The influence of the interactions of the wheelchair athlete, wheelchair configuration and 
wheelchair environment on wheeling performance (wheelchair mobility performance and wheelchair propulsion 
technique). 



General Discussion

7

169

Wheelchair athlete and wheeling performance

A wheelchair tennis athlete plays tennis while manoeuvring on court in an individualised 

manual sports wheelchair. In order to propel the wheelchair, the athlete needs to couple 

the hand with a tennis racket to an already rotating hand rim, while at the same time cou-

pling the non-racket hand. This hand-rim-racket interaction during wheelchair tennis pro-

pulsion has been shown to be ineffective (3–5). This interaction can be trained, alongside 

the muscle strength and (an)aerobic capacity of the athlete. Every player strives for the 

most optimal wheelchair propulsion technique (skill) and best physical state. A better tech-

nique and strong muscles can also help reduce the risk of developing an injury. The maximal 

wheelchair mobility performance of a wheelchair tennis athlete can now be measured with 

the developed IMU-based field tests (Chapter 5). The more advanced wheelchair propulsion 

technique variables and the (an)aerobic capacity of the wheelchair athlete can be meas-

ured with individualised (sub)maximal exercise testing protocols on a wheelchair ergometer 

(Chapter 3) (6, 7). The current thesis mainly focused on the health of the wheelchair athlete; 

the risk to develop shoulder injuries (Fig 7.1).

 The shoulder injury risk for wheelchair tennis players has been evaluated based on 

the literature, focused on risk factors and musculoskeletal adaptations for shoulder injuries 

(Chapter 1).  Developing shoulder injuries in wheelchair tennis can be described by a com-

bination of intensity, frequency and duration of movement (8), as well as the underlying 

muscle force patterns. Wheelchair tennis players have greater activations of the internal 

rotators and anterior muscles of the shoulder complex, as well as a high internal rotation 

torque. Beyond wheelchair push behaviour and regular racket play, the latter includes re-

petitive (overhead) movements and as such possible overuse of shoulder muscles during 

wheelchair tennis match play. These factors put wheelchair tennis players at a high risk for 

(shoulder) injury development (Chapter 1). Risk factors for shoulder injuries were defined 

as an increased internal rotation balance ratio, shoulder impingement and abnormal scap-

ula resting position. This could lead to muscular problems as rotator cuff tears, disturbed 

scapula kinematics and muscular imbalances. Upper-body training in a balanced manner is 

assumed to contribute to the overall work capacity of the shoulder and may help to reduce 

the risk of injury for wheelchair tennis players. The type of training, as well as the intensity 

and duration are for future research. In the current thesis shoulder issues in wheelchair 
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tennis players were reviewed by scoping the literature. The presented risk factors for shoul-

der injuries are mainly proposed risk factors (Chapter 1), there is still a lack of experimental 

biophysical knowledge on the topic of wheelchair tennis and shoulder health. 

 The original plan for this thesis was to investigate the effects of wheelchair pro-

pulsion while holding a tennis racket on shoulder kinematics and shoulder loads in (elite) 

wheelchair tennis players, using a combined experimental and modelling approach. Al-

though the impact of wheelchair propulsion while holding a tennis racket on shoulder load 

is not known yet, a higher peak propulsion power during the push is produced, which might 

in turn lead to shoulder injuries in the long term (3). Investigating a group of wheelchair ten-

nis players with shoulder pain and no shoulder pain will provide information on the effect of 

propulsion technique on shoulder injuries in this group of athletes. Extending these meas-

urements with shoulder kinematic data will provide additional information about the actual 

movement patterns. Alterations in shoulder kinematics (a greater glenohumeral abduction) 

during wheelchair sprinting was already identified being related to shoulder pain (9). Even-

tually combining the external 3D forces (propulsion technique) with the movement pattern 

(scapula kinematics) enables to run advanced inverse-dynamics shoulder models, like the 

Delft Shoulder and Elbow Model (DSEM) (10, 11). Shoulder modelling has been investigated 

in the context of daily life wheelchair propulsion and allows to describe joint reaction forces 

and (relative) muscle forces, which are potentially linked to shoulder injury development 

(10, 12–15).

Wheelchair configuration and wheeling performance

The wheelchair configuration possibilities in wheelchair tennis are almost endless, indicat-

ing a lot of configurations can be explored in the context of wheelchair tennis performance 

(16). The review regarding wheelchair configuration revealed multiple aspects of configu-

ration worth investigating to improve the wheeling performance in wheelchair tennis. In 

this thesis, the experimental work focussed on a new hand rim design (Fig 7.1) (Chapter 

2 & 3). This experimental work showed the potential of a new hand rim design in a group 

of able-bodied novices, indicating lower power losses at the start of the push and a more 

physiologically efficient way of propulsion compared to those novices who used a regular 

rim during the same standardised task (Chapter 3). This new hand rim has only been in-

vestigated on propulsion technique and physiology and would benefit from more in-depth 
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shoulder kinematic and kinetic analyses. It is expected that the reduction in power losses 

occurred due to a better coupling technique (movement pattern) and possibly leads to a 

reduction in shoulder loading. Extending this work in a group of experienced wheelchair 

tennis players might be more challenging, since changing an already existing technique af-

ter multiple years of practice (the use of the regular rim in the racket hand) takes time (17). 

Unfortunately, time is limited in a sport with multiple tournaments through the year all over 

the world. From a research point of view, a group of young talented players, still in the early 

stages of learning wheelchair tennis, might benefit from the new rim at the start of their 

career and should be the first to take this next step. A similar trajectory was seen in the long-

term introduction of the ‘klap skate’ (17). An observational study design could bring the 

potential benefit of the hand rim design to the surface into more detail in the early stages of 

wheelchair tennis training and match play.

 Learning the skill of wheelchair propulsion with a tennis racket has been identified 

as a difficult task to perform. Practicing on an ergometer or using mobility drills on court 

have shown to improve wheelchair propulsion with a tennis racket (Chapter 3) (18). The 

evaluated new hand rim in this current thesis was developed with a certain hand grip in 

mind. This grip allows for an optimal interaction of the hand with the racket to the hand rim, 

while being ready to prepare for the next shot (Fig 7.2). This hand grip should be taken into 

account while learning to propel the wheelchair with the new hand rim. The new hand rim 

Fig 7.2. Coupling of the hand with the racket to the new hand rim during propulsion.



Chapter 7

7

172

has now solely been tested on the racket side, since the hand rim was specifically developed 

for this side. The future hand rim on the non-racket side might also benefit from a more 

specialised design, especially in the context of the constant rotational movements during 

wheelchair tennis match play (Chapter 6). It should be mentioned that the new hand rim is 

now only available for a small number of Dutch players and not yet available on the market. 

 The hand rim was considered important given the direct interaction with the ath-

lete, yet there are more parts of the wheelchair (in)directly influencing performance. The 

review around wheelchair user-configuration interaction revealed the most influencing 

factors in wheelchair tennis are: seating position, wheel sizes and camber angle (Chapter 

2). In wheelchair basketball a bigger wheel size (26 inch) and camber angle of 18 degrees 

were the most optimal settings tested, while a change in seat height had minimal effects on 

wheelchair mobility performance (19–25). A more specific wheelchair tennis focus for these 

parameters is worth exploring, mainly given the importance of the rotational wheeling el-

ements during a wheelchair tennis match (Chapter 5 & 6) (26). It is expected wheelchair 

tennis players might benefit from a bigger camber angle and even bigger wheels (27 inch) to 

allow easier rotations. It would be recommended to test the beforementioned wheelchair 

configurations simultaneously, since changing the size of the wheel or increasing the cam-

ber angle influence the seating position and vice versa. Eventually athletes need to find their 

most optimal setting for stability and performance, similar to Esther Vergeer’s fitting in her 

individualised wheelchair (Fig 0.3). One type of configuration might not be optimal for every 

individual, given the wide range of disabilities present in wheelchair tennis athletes. These 

configurations can be tested with the set of key wheelchair mobility performance variables 

during IMU-based field tests (Chapter 5 & 6), as well as with more detailed analyses on the 

wheelchair ergometer (Chapter 3). 

Wheelchair environment and wheeling performance

In order to evaluate performance directly in the natural environment, i.e., on the tennis 

field, players can now be tested with the developed wheelchair tennis field tests (Chapter 

5). The test outcomes of these tests give an indication of the maximal wheelchair mobility 

performance of the wheelchair tennis athlete, although all outcomes are still dependent 

on the environment (indoor/outdoor; playing surface: clay/grass/hardcourt). Environmental 

factors can be evaluated with the use of drag forces, i.e., the total set of frictional forces 



General Discussion

7

173

working against you in each and every push or movement. These resistance forces (rolling, 

air, internal friction) should be as low as possible for every wheelchair-athlete combina-

tion and they are dependent on the wheelchair-athlete-environment factors. Systematic 

drag tests give valuable information on the power losses experienced due to these external 

factors. In Chapter 4 an IMU-based coast-down testing method was presented to estimate 

these drag forces and consequently the power losses emerging from standardised wheel-

chair tennis coast-down and sprinting tests.

 The presented coast-down testing method showed to be a valuable tool to get a 

first indication of an environmental factor, the rolling and internal resistance, in different 

conditions, across and within a group of athletes (Fig 7.1). On a group level the influence of 

tyre pressure was shown, although the step towards a tyre pressure-surface interaction was 

still missing. The previously mentioned changes in wheelchair configurations (wheel size, 

camber angle, seating) can all influence the rolling resistances on the tennis field and opti-

mal values might be different per surface, as well as for different wheelchair-athlete com-

binations. A case study of an elite wheelchair tennis player revealed the negative influence 

of grass compared to clay compared to hardcourt on linear sprinting performance (Chapter 

4). In order to best evaluate wheelchair mobility performance, a separate coast-down test 

is recommended alongside standardised field tests. All IMU outcome measures are depend-

ent on the power needed to overcome the resistances on a grass, clay or hardcourt surface. 

It is difficult to compare a player or a group of players across different environments if the 

resistance or power produced is unknown. This makes standardised coast-down tests to 

determine drag forces indispensable. The differences in rolling resistance during the sprints 

were still difficult to establish and need more experimental exploration (Chapter 4). 

 To explore power measurement in the wheelchair tennis environment in more de-

tail, an additional IMU could be placed on the torso to also take trunk movement into ac-

count. Trunk sensors were already implemented in wheelchair tennis to analyse wheelchair 

tennis strokes (backhand) (27). At the moment, instrumented measurement wheels are still 

considered the golden standard in wheelchair power measurements, however, the vulner-

ability and weight of these wheels remain an issue (28). In an ideal world, wheelchair users 

would be able to directly measure power from the hand rim, similar to cyclist using power 

pedals (29, 30). At first, it would be recommended to conduct a simple experiment with 

IMUs alongside instrumented wheels to get a direct comparison between the two meas-
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urement systems. Instrumented measurement wheels allow to directly measure 3D forces, 

and machine learning algorithms might be able to predict the power values based on the 

IMU data. Power output (W) could be predicted during straight line propulsion, similar to 

gathering push characteristics in the field (31). Eventually this work should be extended to 

also take rotational movements into account and make the next step towards unobstructive 

power measurements during a wheelchair tennis match.

 Alongside power output measurement on the wheelchair tennis field, also more 

wheelchair propulsion technique characteristics should be quantified in ‘the real world’. 

Wheelchair propulsion technique can now still mainly be measured in a lab-based setting. 

Despite the opportunity to obtain some propulsion technique variables with IMUs during 

straight line sprint tests (push frequency, cycle time), the next step towards more detailed 

push characteristics is still lacking (31). In the current thesis a first distinction between 

the push and recovery time was made, although this should still be validated using instru-

mented measurements wheels or video cameras (Chapter 4). An important point of focus 

could be to identify the (de)coupling part during wheelchair tennis field propulsion during 

a wheelchair tennis training or match. Coupling the hand to the hand rim should result in a 

short deceleration followed by an acceleration of the chair during actual wheelchair tennis 

play and could therefore potentially be determined during wheelchair tennis match play 

using the IMUs on the chair. 

Testing of wheeling performance

The beforementioned factors all influence the complex skill of wheeling performance in 

wheelchair tennis. Understanding these parts is essential as a basis for high-quality wheel-

chair tennis play. Using a combination of field and lab-based tests on a regular basis will 

help to get insights on wheeling performance, select the right wheelchair configurations and 

training regimes, and improve overall performance on the wheelchair tennis court. Wheel-

chair tennis players could well be monitored during matches, training and field-testing ses-

sions with the technologies presented in the current thesis. The maximal wheelchair mobil-

ity performance effort of an athlete can now be analysed in detail, including visualisations, 

with the use of IMU-based field tests (Chapter 5). The key wheelchair mobility performance 

variables give a new point of focus for wheelchair tennis training and testing (Chapter 6). 

In the lab a more detailed analysis of the wheelchair propulsion technique can be made, 
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including (de)coupling characteristics as power losses before and after the push (Chapter 3). 

An individualised and standardised exercise capacity test battery is recommended a number 

of times per year for a more specific view on the maximal abilities of the wheelchair tennis 

athlete (7). 

 Wheelchair propulsion while holding a tennis racket remains a complex task and 

still more detail is required to fully understand this complex task. In the current thesis, 

wheelchair propulsion technique while holding a tennis racket was evaluated based on 

the measures from the wheelchair ergometer (Chapter 3). It was assumed that a wheel-

chair athlete is pushing the wheelchair with a positive torque. The peaks before and after 

the push are associated with the (de)coupling of the hand with the racket to and from the 

wheelchair hand rim (2). Using kinematic data of the hand and wrist, a more detailed analy-

sis of the (de)coupling of the hand can be investigated. It is even possible to use markerless 

techniques to detect the hand movement during straight line propulsion with and without 

a tennis racket using machine learning techniques (Fig 7.3). This information is now only 

available during straight line propulsion in the lab. Eventually, this technique could very well 

be used to further evaluate in detail the newly designed hand rim and the actual hand-rack-

et (de)coupling during wheelchair tennis propulsion. Today, this technique with cameras 

(depth and distance) can only be applied in the lab, where ideally this would also be possible 

in the field.

Fig 7.3. Markerless hand detection during wheelchair propulsion without a tennis racket (left) and with a tennis 
racket (right) on a wheelchair ergometer.
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Practical implications

Fully implementing wheelchair sensor technologies and wheelchair ergometer measure-

ments in wheelchair tennis or other wheelchair sports areas remains a challenge. Despite 

the open availability of Python codes to analyse wheeling performance (32), the analysis is 

not yet on a ‘click and go’ level nor is the data interpretation. Data are now still processed 

by researchers and wheelchair sports experts. Regarding wheelchair sensor technologies, 

in an ideal world an IMU-based set-up would provide wheelchair athletes with direct feed-

back using an application on a smartphone or smartwatch with easily interpretable data. In 

the ‘WheelPower’ project in the Netherlands, prototypes of an easy-to-use application are 

being build and tested (33). IMUs have been shown to be a valid tool to measure the wheel-

chair tennis athletes’ wheeling performance during matches and standardised field tests 

(Chapter 5 & 6). This thesis builds upon previous research in wheelchair basketball, where 

researchers also used sensor technology to quantify characteristics of wheelchair mobility 

performance (34). The knowledge in the current thesis could help to further analyse data 

and gives a direction for the key wheelchair mobility performance focus points for coaches, 

players and fellow researchers. All papers of this thesis are openly available together with 

the codes to analyse the data (32). A next step would be to also share all available data; al-

though data sharing in professional sports remains a sensitive topic, given the competition 

among opponents.

 Another sensitive topic is classification, which is part of every Paralympic sport. 

Similar to wheelchair basketball, IMUs could be used as an additional tool for the devel-

opment of evidence-based classification criteria and rules in wheelchair tennis (35) that 

adhere to the International Paralympic Committee’s (IPC) directives (36). Within wheelchair 

tennis, there are currently two relatively simple classification levels. The ‘open’ class is for all 

players with an impairment on one or both legs and a normal arm-hand function. The ‘quad’ 

class is for athletes with additional restrictions in the playing arm. These eligibility criteria 

are non-conform to those of the IPC (36). In order for wheelchair tennis to evolve in the fu-

ture towards the IPC regulations and to be allowed to remain competing at the Paralympic 

games, an evidenced-based classification system is a prerequisite (37). Classes should bring 

individuals together with similar impairment types influencing sport-specific performance. 

A kinematic analysis of the wheelchair tennis serves already revealed the association be-
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tween impairment severity and velocity of the serve (38). The sport-specific wheeling per-

formance of a wheelchair-tennis athlete describes the abilities of the athlete on court with 

the detailed push characteristics behind this performance. The wheelchair ergometer, as 

well as IMUs could serve a purpose to further explore these technologies for classification. 

 The current thesis solely focused on the wheeling performance part of wheelchair 

tennis. As mentioned at the start of this thesis, wheelchair tennis consists of a combination 

of wheeling and tennis performance (Fig 0.1). Despite the wheelchair-tennis field tests have 

shown to be a valid testing tool for wheelchair mobility performance (Chapter 5), no racket 

ball handling is involved yet. In wheelchair basketball already a combination of wheelchair 

propulsion and specific dribbling activities was investigated (1). A (wheelchair) tennis-spe-

cific activity is the serve at the start of each point. In wheelchair tennis still lots of points 

are scored with relatively few shots (± 4) and a rally duration of only 8-9s (39), making the 

wheelchair tennis serve one of the most important strokes in the game. The dominance of 

a player, as well as rally duration is also dependent on the impairment severity, which might 

change with different classification levels. Wheelchair tennis serves and strokes (backhand/

forehand) are mainly analysed using video-analysis during training and matches. Combining 

the video data of actual wheelchair tennis play, with the IMU information about wheeling 

performances, along with local positioning would provide a complete overview of wheel-

chair tennis performance (40). Synchronisation between these different measurement sys-

tems is key and the combined information can be of added value for researchers, coaches 

and players.

Clinical relevance

The knowledge of the current thesis could be utilized in a broader sport, rehabilitation or 

daily wheelchair setting. To gain a better understanding of wheeling performance in wheel-

chair tennis, a broad collaboration between sports would extend the knowledge base. All 

wheelchair sports (wheelchair basketball, rugby, racing, triathlon) could benefit with respect 

to functioning, participation and well-being from a platform to track wheeling performance. 

Working towards power output-based field measurements would be beneficial for a broad 

group of wheelchair athletes. An upcoming sport with similar characteristics as wheel-

chair tennis is wheelchair badminton. The complicating influence of a badminton racket on 

wheelchair propulsion has also been shown in this sport (41). Wheelchair badminton is the 
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only other wheelchair sport using a racket, the sport was first introduced at the Paralympic 

games of Tokyo 2020. The newly developed hand rim could also benefit wheelchair bad-

minton players. Despite a different (weight/grip) racket being used, the requirements and 

design of the rim would be similar. Wheelchair tennis and wheelchair badminton could work 

together to collect more information regarding propulsion technique with a racket. Joining 

forces between all wheelchair sports, also internationally, would results in bigger sample 

sizes, making it easier to provide scientific evidence.

 Wheelchair sports in general can be seen as an innovation centre with technologies 

eventually implemented in a daily life setting. Preferably daily life wheelchair users should 

also be provided with their wheeling performance characteristics, similar to a smart phone 

providing the number of steps and length of a step during walking. Understanding and im-

proving the wheelchair skill is crucial in manual wheelchair users. The wheelchair user, con-

figuration and the environment can all influence the performance of a wheelchair user in 

his/her wheelchair (Chapter 2-4). Daily life wheelchairs should become more light-weight 

wheelchairs similar to the sports wheelchairs. A lighter wheelchair, which is more specifical-

ly built for your own requirements and needs, will help wheelchair users towards a healthier 

life and better quality of life. In a recent pilot study regarding wheelchair configuration in 

children, the IMU technology of the current thesis was already successfully implemented 

to analyse rolling resistances with differently weighing wheelchairs (42). A child in a heavy 

weighted chair had more resistance and more difficulty to reach high velocities, compared 

to the same child in a light-weight chair. The wheelchair ergometer could also serve a similar 

functional purpose, implementing it during early rehabilitation, as it has shown to be a val-

uable tool in the critical initial motor learning stages. Examples are the learning experienc-

es to propel a wheelchair during wheelchair racing and wheelchair racket propulsion (43) 

(Chapter 3).

Technological considerations

In the current thesis highly-advanced technologies have been used to test players on the 

field (IMUs) and in the lab (ergometer). Despite IMUs being easily accessible to some of 

the players, the technology is still relatively expensive. Technology is advancing every year, 

which will hopefully lead to a low-cost alternative of the IMUs in a few years. An alterna-

tive option would be to reduce the numbers of IMUs used to quantify wheelchair mobili-
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ty performance. It is already possible to collect wheelchair mobility performance variables 

based on a one sensor set-up compared to the three sensor set-up in the current thesis (44). 

For research purposes it would still be recommended to use a three-sensor set-up, while 

a one-sensor set-up seems a feasible alternative for the more basic wheelchair mobility 

performance view (for example in a clinical setting). From a lab perspective, the wheelchair 

ergometer used in the current thesis made it easy to test wheelchair tennis players using 

their own tennis wheelchair. The wheelchair ergometer allowed testing of more advanced 

propulsion technique characteristics, as well as standardised testing sessions (6). Despite 

the costs of a wheelchair ergometer, it is a tool which can be used by multiple wheelchair 

sports and daily life wheelchair users, allowing a broad implementation. In all cases these 

technologies provide relatively complex outcomes that require specialised professionals for 

interpretation and fruitful practical use. A more accessible level would enhance the appro-

priate and functional use of these technologies in the near future.

Concluding remarks

Wheelchair tennis is a complex sport with different interactions among the athlete, wheel-

chair and environment. An optimal wheeling performance is crucial for performance and 

health of the tennis player. From a wheelchair athlete (user) perspective the impact of ‘rack-

et propulsion’ on shoulder load should be a main focus. For wheelchair configuration the 

most important areas of interest are the hand rim, camber angle, seat height and wheel size. 

Eventually, the wheelchair and athlete need to merge as one and interact with the playing 

environment. The next step regarding environmental factors would be to gain more knowl-

edge on power output measurement in the field. In order to evaluate wheelchair tennis 

players in their own environment, the tennis field, the presented wheelchair tennis field 

tests along with the most important variables to focus on were presented. The current the-

sis has helped to understand and improve a small part of the wheelchair tennis skill, which 

remains part of a bigger complex puzzle.
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