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Background 
Manual wheelchair propulsion has fascinated scientists since the late sixties due to 

its integration of the human and technical sciences [1,2]. Indeed, Voigt and Bahn 

(1969) [3] and Brättgard et al. (1970) [4] already stressed the strenuous character of 

handrim wheelchair propulsion and research has been going on ever since. Research 

on the topic of wheelchair propulsion is, however, convoluted by the heterogeneity 

of the population, the limited availability thereof, and the specialized equipment 

and methods that are required [5]. Nevertheless, the systematic study of wheelchair 

propulsion has led to a wealth of knowledge on the cardio-respiratory responses to 

this mode of exercise [6–9], the training in rehabilitation and sports [10–13], and 

wheelchair design [14]. Early research mainly concerned the wheelchair and the 

wheelchair user separately, while later research also emphasized the ergonomics 

perspective and the wheelchair-user interface [15].  

As wheelchair propulsion is a cyclic movement, a power balance [16] can be applied 

to illustrate the flow of energy of the wheelchair-user combination in its 

environment (Figure 0.1). The external power output (i.e. the task demands) during 

steady-state ambulation can be expressed as the sum of all energetic losses [15]. The 

wheelchair (e.g. mass, tyre pressure) and user (e.g. fitness, propulsion technique) 

need to be in prime condition to prevent overuse injuries and maintain mobility [17]. 

In addition to this, the wheelchair-user interface (e.g. seat height, rim and wheel 

diameter) needs to be ergonomically optimized for every individual given their 

specific physical, environmental, and task-specific constraints [18,19]. Still, today, 

handrim wheelchair propulsion is characterized as a straining and inefficient mode 

of propulsion that more often than not results in complications due to overuse of the 

upper extremities [20,21]. As such, research to better understand and prevent this 

strain is ever important and ongoing. Yet, given its rich history, the translation of 

existing knowledge on and methods for the assessment of wheelchair propulsion 

into clinical and sports practice is perhaps even more important. Central to this 

notion is the adoption of ‘Wheelchair Propulsion Laboratories’ in rehabilitation and 

adapted sports environments. 

Wheelchair propulsion laboratory 
Following the development of clinical exercise physiology laboratories (‘labs’) in 

cardiology and sports medicine during the last decades, clinical gait labs are an 

increasingly common phenomenon in hospitals and rehabilitation centres around 

the globe. The goal of these labs is to investigate and optimize the walking pattern 

and capacity of patients [17]. For gait, there is a large body of literature that provides 

evidence for the treatment efficacy of clinical gait analysis [22]. Yet, for wheelchair 

propulsion, similar concepts have not yet been embedded in clinical practice and are 
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still mostly limited to research institutes. The combined physiological, 

biomechanical, ergonomic, and technical approach used in the wheelchair 

propulsion lab could create the comprehensive biophysical fingerprint needed to 

optimize the wheelchair, user, and wheelchair-user interface [23,24]. While 

considerable effort already went into the development of such labs by researchers in 

The Netherlands (using skills and treadmill-based testing) [17,25] and the United 

States of America (using overground testing) [26,27], their implementation in clinical 

and sports practice has been limited. As such, the systematic biomechanical analyses 

of the wheelchair, the user, and the wheelchair-user interface using evidence-based 

approaches and experimental strategies, akin to those used in gait analysis, are not 

yet commonly available in clinical and adapted sports settings.  

The state of the art 
Wheelchair propulsion biomechanics has always been a rather arcane art belonging 

to a relatively small field of experts. In order for wheelchair propulsion labs to 

become established, human capital in the form of adept movement scientists and/or 

clinical exercise physiologists is needed, but the necessary equipment also needs to 

be present. These issues were also observed to be the greatest barriers to the 

systematic monitoring of wheelchair fitting and motor learning in rehabilitation in 

the Wheelchair Expert Evaluation Laboratory – implementation (WHEEL-i) project 

[17]. Specifically, the interpretation of test outcomes, and the lack of individualized 

recommendations and reference data were mentioned as limiting factors. The latter 

two can only exist after widespread adoption by building a shared repository that 

eventually could provide normative data, which causes a causality dilemma. 

Performing and interpreting tests could, however, be facilitated through hardware, 

software, as well as end-user training. Undoubtedly, the specificity of the 

measurement tools has also harmed the valorisation of past research findings. In 

 

Figure 0.1. Power generation and energy transfer in handrim wheelchair propulsion, adapted from 

[15], full version is shown in Chapter 4. 
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terms of general usability, Goosey-Tolfrey and Leicht [28] recently stated the 

following:  

[…], it must be noted that the limited availability of specialized 

laboratory equipment for testing wheelchair-dependent participants, 

the technical expertise for conducting the tests and interpretation of 

test results are a drawback of laboratory testing. 

The need for a solution for the lab-based assessment of wheelchair users that is 

widely available and can be used by multiple institutes is discernible from this 

statement. Besides, it highlights the importance of a system that can be used by 

trained rehabilitation and healthcare professionals and adapted sports coaches as 

well as (embedded) scientists [17], which could provide a more evidence-based and 

(cost-)effective research, treatment, and training environment on the long term. 

Stationary lab-based testing 
The most ecologically valid (‘realistic’) testing environment is simple overground 

propulsion in the field [28], as all elements of the power balance and contextual 

factors are present. Recent technological advancements in the form of Inertial 

Measurement Units (IMUs) have made gathering kinematic data in the field 

increasingly more accessible [29], but obtaining detailed physiological and kinetic 

data still requires complicated and expensive systems. By extension, one could 

perform overground tests in the lab, as is common in clinical gait labs. However, this 

is also the least standardized condition because it is difficult to control the 

experimental conditions and procedures such as speed and power output. 

Moreover, since the wheelchair-user combination is moving through space, it 

requires relatively heavy ambulant measurement systems. Resultingly, stationary 

lab-based testing is often chosen for pragmatic reasons to increase data reliability 

and make the interpretation of results easier [5]. In the lab, one must choose between 

wheelchair treadmills and ergometers. Wheelchair treadmills are similar to regular 

treadmills, but are usually wider and have additional safety features. The term 

‘wheelchair ergometer’ is used to describe a range of distinct devices such as roller 

systems and simulators, with a common goal: to apply a load and measure the effort 

of the wheelchair user. Wheelchair treadmills are second best compared to field-

based testing in terms of ecological validity [5,30], but they do have some notable 

drawbacks when compared to ergometers (see below). 
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The case for ergometer-based testing 
The current thesis is focused on ergometer-based testing which provides a number 

of advantages over other testing modalities (overground and treadmill). Similar to 

the treadmill, an ergometer provides a stationary platform for wheelchair 

propulsion testing. It is usually not possible to perform acceleration or sprint testing 

on a treadmill, whereas this is a feature on most wheelchair ergometers. The 

importance of these (anaerobic) tests is especially apparent when one considers that 

most activities of in the daily life of wheelchair users involve short intensive bouts 

of physical activity like ascending a ramp or crossing the street [31,32]. Additionally, 

doing any sort of turning or asymmetric propulsion on a treadmill would be 

problematic. Instead, wheelchair ergometers can facilitate virtual turning 

movements [33] when they have independent wheels or rollers (Figure 0.2), 

providing a relatively boundless (virtual) environment. Furthermore, ergometers 

can provide detailed kinetic information without the need for additional equipment 

such as measurement wheels, thereby preserving the individual wheelchair-user 

interface and offering a single solution for simulating and measuring wheelchair 

propulsion, reducing the amount of equipment needed. Finally, these data could be 

used as input for a screen-based virtual world, creating an immersive experience 

during training or testing, which provides the ability to add complexity such as curb-

climbing, obstacle negotiation or avoidance, dual-tasking or biofeedback [13,34]. 

Ergometers present an ideal platform for individualised training, optimization, and 

testing as data gathered by the ergometer can be used to optimize current and future 

sessions using a data driven approach.  

A novel wheelchair ergometer 
In turn, the landscape of wheelchair ergometry is sparse and diverse with various 

different solutions for many specific situations. Wheelchair ergometers are almost 

always custom-made and one-of-a-kind devices, most often not commercially 

available. Unlike the treadmill, considerable development effort needs to be put in 

an ergometer to simulate wheelchair propulsion [35,36] and not all devices attempt 

to do this in the same way. Previously mentioned concerns regarding the 

standardised and realistic measurement of wheelchair propulsion have led to the 

development of a novel wheelchair roller ergometer. The ergometer originated from 

the combined expertise from over thirty years of wheelchair propulsion research 

[5,37] and ergometry [38] in The Netherlands together with an industry partner with 

almost seventy years of experience in ergometry [39]. The aim was to create an 

ergometer that provides a realistic simulation of overground wheelchair propulsion, 

measures propulsion technique, and maintains the wheelchair-user interface. 

Moreover, the ergometer had to be widely available, and the control and analyses 
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had to be presented in an easy-to-use manner to facilitate use in research, clinical, 

and sports environments. The dual roller ergometer (Esseda) was developed by 

Lode BV, Groningen, The Netherlands in collaboration with the University Medical 

Centre Groningen (Figure 0.2). The ergometer was equipped with two servomotors 

that can reduce or increase resistance for the participant to simulate different 

surfaces, inertia, and task elements. As it is an active system, it could perhaps even 

be used to simulate and optimize power-assisted wheelchair configuration [40] 

using “human-in-the loop” optimization [41]. Effective applied force is measured 

with a load cell on each side without the need for additional equipment. The 

ergometer could be used in a wheelchair propulsion laboratory for wheelchair 

fitting, training, and testing of propulsion technique and exercise capacity.  

Testing the ergometer 
With the ergometer as a potential central component in the wheelchair propulsion 

laboratory, its overall functioning and performance to a large extent determine the 

efficacy of the lab as a whole. The ergometer should not only adequately measure 

wheelchair propulsion, but must also simulate wheelchair propulsion to a satisfying 

degree. In this sense, the ergometer as a virtual surface, adds another ‘interface’ to 

the wheelchair-user combination (Figure 0.3). It connects the user to the ‘real’ world 

using a model of what wheelchair propulsion looks like. In this specific case, the 

ergometer is modelled as an admittance-controlled feedback system. That is to say, 

for a certain force input the ergometer adjust the roller velocity to one that 

corresponds with the user-input and its conception of how a wheelchair should 

 

Figure 0.2. A render of the first iteration of the Esseda wheelchair ergometer with its dual rollers 

with a wheelchair on top. Hidden inside are the two servomotors and force sensors that power 

the ergometer. 
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move based on a mechanical model of real-life wheelchair propulsion (i.e. the power 

balance). Therefore, the first step in the validation process is to ensure that forces are 

measured with sufficient accuracy. Thereafter, the quality of the simulation can be 

assessed. Ideally, outcomes derived from speed and effective force measured by the 

ergometer should be close or equal to those obtained from measurement wheels, 

which have been shown to have a high accuracy [34,42] and are currently often used 

to gather kinetic data. Moreover, results should resemble those obtained during 

overground and treadmill propulsion, as they are more ecologically valid by default. 

Aim and outline of the thesis 
The aim of the current thesis is to evaluate a newly developed wheelchair ergometer 

on its ability to measure and simulate wheelchair propulsion. First, the thesis will 

provide an overview of the currently available state of the art in research literature 

and propose a conceptual model of real-life wheelchair propulsion (Chapter 1 – A 

review of wheelchair ergometers). Second, it will introduce a novel wheelchair 

ergometer, provide a thorough description of its design, and compare it to existing 

solutions for measuring wheelchair propulsion (Chapter 2 – A new wheelchair 

ergometer). A new accessible calibration method for wheelchair roller ergometers is 

proposed (Chapter 3 – A low-cost portable calibration method). Fourth, a 

measurement protocol to perform overground, treadmill, and ergometer tests is 

presented in a combined video and text format, together with the software required 

to perform these measurements (Chapter 4 – A guide to lab-based testing). Fifth, 

measurements performed on the ergometer are compared to those in overground 

and treadmill testing to juxtapose the different environments (Chapter 5 – A 

comparison of wheelchair modalities). Sixth, an application of the ergometer in 

sports practice is presented in a longitudinal study on motor learning (Chapter 6 – 

Measuring wheelchair racing propulsion). Seventh, a similar study on power-

assisted wheelchair propulsion was included (Chapter 7 – Measuring power-

 
Figure 0.3. Wheelchair propulsion on a wheelchair ergometer adds a second interface: the 

wheelchair-ergometer interface. 
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assisted propulsion), which demonstrates potential avenues for the application of 

wheelchair ergometers in wheelchair propulsion labs. Finally, a general discussion 

of the results and future perspectives on the implementation of ergometers in 

wheelchair propulsion laboratories are discussed (Chapter 8 – General discussion).  
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