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Abstract— The measurement of handrim wheelchair 

propulsion characteristics and performance in the field is 

complicated due to the non-stationary nature of wheelchair 

driving. In contrast, the laboratory provides a constrained and 

standardisable environment to conduct measurements and 

experiments. Apart from wheelchair treadmills, dynamometers or 

ergometers for handrim wheelchairs are often custom-made, one-

of-a-kind, expensive, and sparsely documented in the research 

literature. To facilitate standardised and comparable lab-based 

measurements in research, as well as in clinical settings and 

adapted sports, a new wheelchair ergometer was developed. The 

ergometer with instrumented dual rollers allows for the 

performance analysis of individuals in their personal handrim 

wheelchair and facilitates capacity assessment, training and skill 

acquisition in rehabilitation or adapted sports. The ergometer 

contains two servomotors, one for each rear wheel roller, that 

allow for the simulation of translational inertia and resistive forces 

as encountered during wheelchair propulsion based on force input 

and a simple mechanical model of wheelchair propulsion. A load 

cell configuration for left and right roller enables the measurement 

of effective user-generated torque and force on the handrim and 

the concomitant timing patterns. Preliminary results are 

discussed. 

 
Index Terms—Dynamometer, Ergometry, Biomechanics, 

Power output, Wheelchair training 

I. INTRODUCTION 

andrim wheelchair propulsion is characterized as a 

straining and inefficient activity that produces high 

repetitive strain on the upper extremities, resulting in an 

increased risk of musculoskeletal problems [1], [2] and/or 

inactive lifestyle [3]. To improve physical capacity, wheelchair 

technology, individual propulsion technique, wheelchair 

propulsion biomechanics has been extensively studied [4]-[7]. 

Oftentimes studies use a combination of physiological, 

kinematic, and kinetic outcomes, requiring highly specialized 

equipment. Research is generally conducted on systems that 

simulate (to some extent) overground wheelchair propulsion, 

such as dynamometers, ergometers, or treadmills as they allow 

for measurements and training interventions to be performed in 
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a controlled environment. 

The validity of these lab-based experiments relies not only 

on the instrumentation and its measurement capabilities, but 

also on the simulation quality that these systems provide [8]. In 

addition to allowing for valid and reliable measurements of 

power output on the wheels, a simulator should provide an 

adequate simulation of the frictional losses, environmental 

conditions, and inertia of the wheelchair-user system. Finally, 

this should all be possible without altering the existing 

wheelchair-user interface [9] while facilitating other 

measurements such as metabolic cost, kinematics or 

electromyography. 

Wheelchair propulsion on a motorized treadmill is probably 

the most realistic way of simulating wheelchair propulsion in 

the lab, but also has a number of drawbacks. On a treadmill the 

frictional forces and inertia are comparable to overground 

propulsion [10], while steering as well as visual position control 

are a necessity [11]. However, air resistance is absent, which 

becomes an important resistive force at speeds beyond 2m/s 

[12], [13]. Although a standardised drag test can determine 

average power output without altering the wheelchair-user 

interface [14], [15], it conveys no information about propulsion 

technique. Additionally, a treadmill mostly does not allow for 

sprinting or acceleration tasks to be performed and athletes can 

often exceed the maximum treadmill speed [16]. Other than 

that, treadmills can be too narrow and some labs and/or 

manufacturers therefore require a sidebar connected to the 

wheelchair to secure the stability of the wheelchair on the 

treadmill [17], which in turn could impact testing validity. 

To cope with the aforementioned problems, a variety of 

different ergometers have been developed in the past [18]. 

Some are purely mechanical and others have electrical 

components to simulate overground propulsion mechanics. 

Inertia is generally simulated with a fixed-sized flywheel or 

weighted rollers and cannot be adjusted to an individual 

wheelchair-user combination. Few systems allow for the 

determination of push technique or even power output. Finally, 

they are often highly specialized pieces of equipment [8] that 
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can only be operated in a few specialized labs. Widespread 

implementation of wheelchair biomechanical measurements 

can only be achieved when an easy-to-use system is available. 

Such a system should have standardized protocols and produce 

standardized results. Currently, no such system is available. 

In the current paper, a newly developed commercial handrim 

wheelchair ergometer is presented that aims to provide the 

researcher, clinician, coach or athlete with a system that allows 

for accurate measurements for independent left and right-hand 

propulsion actions during exercise testing or training, while 

providing a mechanically realistic simulation of overground 

propulsion without adjusting the wheelchair-user interface. The 

ergometer includes a real time simulation of wheelchair 

propulsion based on a simple mechanical model of wheelchair 

propulsion [8], with user requirement dependent options such 

as inertia, rolling friction, air friction, and slopes. The system 

provides feedback on propulsion speed, power output, as well 

as push characteristics, if need be in a virtual environment. The 

purpose of this technical note is to provide a thorough 

description of the ergometer and to demonstrate its 

functionalities. 

II. SYSTEM OVERVIEW 

The Esseda is a novel wheelchair ergometer developed and 

produced by Lode BV (Groningen, The Netherlands) in 

collaboration with the University of Groningen, University 

Medical Centre Groningen, (UMCG), Centre for Human 

Movement Sciences, Groningen, The Netherlands. The 

ergometer measures the force production of the wheelchair user 

with a load cell configuration and simulates overground 

wheelchair propulsion in an admittance-control feedback loop 

(Fig. 1). In the following sections the ergometer design, the 

measurement system, simulations, and calibrations will be 

further discussed. 

A. Physical design 

The ergometer (l=3.01m w=1.39m) consists of two nearly 

identical modules; one for the left wheel and one for the right 

wheel (Fig. 2). Both modules have their own roller (l=0.43m, 

d=0.10m), servomotor, and control unit. The gap between the 

rollers is 0.36m wide. It includes a ramp (~10°) to allow 

wheelchairs to access the ergometer and a front panel to support 

the castor wheels with an extension for wheelers. A wheelchair 

can be centred on the rollers with the alignment system. Four 

tie downs are used to strap the wheelchair to the ergometer.  

B. Electronics 

Most electronic components are designed by Lode BV and 

custom-made for the ergometer. Both modules contain a 

loadcell (Utilcell Model 300, 50kg, combined error=0.017%, 

creep=0.016%, temperature drift=0.02% per 5ºK) with a Force 

Measure Print PCBA (printed circuit board assembly), a 

wheelchair control module PCBA, and a brushless servomotor 

(Schneider Electric BMH0703T11F2A, nominal output=900W, 

nominal torque=2.9Nm, peak stall torque=10.2Nm) with 

controller (Schneider Electric Lexium 32C). The motor:roller 

gear ratio is 2:1, resulting in a top speed of 12.5ms-1. The left 

module also contains the net filter and a communication module 

(Fieldbus Interface Module) in addition to the previously 

mentioned electronics. An overview of the electronics setup can 

be found in Fig. 3. It is possible to send a 24V synchronisation 

pulse to the ergometer to synchronise data with other 

measurement devices. 

C. Control software (firmware) 

The ergometer is controlled with closed-source embedded 

firmware developed and maintained by Lode BV in the C 

programming language. Calculations in the control loop were 

verified by researchers at the UMCG. The control loop receives 

force data, calculates a new control speed, and sends the new 

control speed to the motor controller at 100Hz [19] in an 

interrupt-controlled loop. If the firmware receives erroneous 

values the ergometer automatically stops. 

D. Associated software 

The ergometer can be controlled with a (Windows) computer 

using the proprietary Lode Ergometry Manager (LEM) 

software. As of yet there is no Application Programming 

Interface (API) available. Friction and inertia can be set in LEM 

and they can be adjusted manually during a measurement or by 

setting a predetermined protocol. Feedback to the participant is 

also managed through LEM. Currently, LEM only supports 

showing speed, target speed, and basic heading to the 

participant. The default interface is a line-plot of left and right 

velocity with respect to a target line. Participants can infer 

 
Fig. 1.  Schematic overview of ergometer feedback control scheme [38]. 

  

 
Fig. 2.  The Esseda wheelchair ergometer. Bottom: 1. Wheeler extension; 2. 
Castor support board; 3. Emergency stop; 4: Alignment flaps (4x); 5. Roller 

(2x); 6: Alignment handle; 7: Straps (4x); 8: Ramp; 9: Communication module 
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directionality and speed from this plot in a natural way. Finally, 

LEM includes an analysis screen for the operator. This screen 

provides basic feedback on the distance travelled (m), speed 

(m/s), amount of work performed (J), and power output (W). 

The current version does not yet provide a detailed push-by-

push analysis as used with measurement wheels and previous 

research ergometers [20]-[22]. A report (.pdf) can be generated 

with some precalculated common outcome parameters or raw 

force and velocity data (100Hz) can be exported to a Microsoft 

Excel (.xls) file to allow for further processing by a researcher 

with their preferred data processing software (e.g. Python, R, 

MATLAB). 

III. MEASUREMENT PRINCIPLES 

The effective component of the user generated force (and 

torques) exerted in the handrim can be calculated from the force 

measured at the roller (Froller) when information about the wheel 

size relative to the handrim size is available (Fig. 4). 

However, user force is not the only force acting on the roller. 

Two additional components need to be considered, namely: the 

internal friction of the wheelchair-ergometer system (Ffrict,int) 

and the combined inertia (Finertia,int) of the wheelchair wheel 

(usually unknown constant) and the roller of the ergometer 

(known constant). 

 

𝐹𝑢𝑠𝑒𝑟 =  𝐹𝑟𝑜𝑙𝑙𝑒𝑟 =  𝐹𝑚𝑒𝑎𝑠 +  𝐹𝑓𝑟𝑖𝑐𝑡,𝑖𝑛𝑡 + 𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎,𝑖𝑛𝑡   Eq.  1 

 

A. System friction 

System friction is determined and adjusted for with a 

dynamic calibration [23]. During a dynamic calibration the 

ergometer samples the measured force from 0 to 2.5 m/s in steps 

of 0.28 m/s. Finally, a linear interpolation [24] function is used 

to estimate intermediate values and friction is assumed to be 

constant above 2.5 m/s. As an indication of friction found in the 

field: in a recent trial, 34 wheelchair users were measured in 

their personal everyday wheelchair. All tires were inflated to 6 

bars (600kPa) before the measurement. A dynamic calibration 

was performed with the participant in an upright stationary 

natural position after the wheelchair had been fastened on the 

ergometer. The resulting calibration curves are shown in Fig. 5 

for the left and the right module respectively. These calibration 

curves show that individual calibration curves are different for 

each wheelchair-user combination, in dependence of the 

wheelchair design/condition, fastening, and total weight, but 

follow a similar pattern. As such, they highlight the importance 

of a proper individual calibration before the onset of each 

measurement to compensate for inter- and intra-individual 

differences. 

B. System inertia 

During dynamic conditions the system inertia of both the 

wheelchair and ergometer significantly impacts the force 

readings of the ergometer. The inertia was estimated to be equal 

to 0.021 kgm2 based on the CAD model of the roller, this was 

later corroborated through empirical testing (Fig. 6). Likewise, 

the moment of inertia of the wheelchair wheel should be 

considered which adds approximately 0.004 kgm2 to the system 

based on an assumed gear ratio of 1.0:5.3 (roller:wheel) and a 

moment of inertia of 0.117 kgm2 [25]. As such, a compensation 

factor on the force signal for the combined system and wheel 

inertia (0.025 kgm2) was included in the control loop. 

IV. SIMULATION PRINCIPLES 

The speed of the rollers is controlled by the servomotors. To 

calculate the speed at which the rollers should turn (vmodel) the 

user generated effective force components (Fuser) and simulated 

frictional components of wheelchair propulsion have to be 

considered together with the simulated mass for each side of the 

ergometer. The frictional components during wheelchair 

propulsion consist of the rolling resistance (Frr), air resistance 

(Fair), and gravity when on a slope (Fangle). The resulting force 

(Fres) on one side of the wheelchair can then be calculated with 

(2): 

 

𝐹𝑟𝑒𝑠 =  𝐹𝑢𝑠𝑒𝑟 −  
𝐹𝑟𝑟− 𝐹𝑎𝑖𝑟− 𝐹𝑎𝑛𝑔𝑙𝑒

2
  Eq.  2 

 

The frictional forces are calculated separately for each wheel 

 
Fig. 3.  Overview of the electronics layout for the wheelchair ergometer. The 

wheelchair control module, motor controller, servomotor, force measurement 

print, and load cell are present in both sides of the ergometer. 
  

 
Fig. 4.  User generated effective component of the total handrim forces and 

torques (not shown) are indirectly measured through the roller [4]. This force 

can be inferred when information about the wheel size and handrim size is 

available. 
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to allow both rollers to function independently of each other. 

With Newton’s second law [26] we can then derive the equation 

of motion, given the combined mass of the wheelchair-user 

system (mtot): 

 

𝐹𝑟𝑒𝑠 =  
𝑚𝑡𝑜𝑡

2
∗ 𝑎 Eq.  3 

 

Where a is the acceleration of the wheelchair-user 

combination. Mass is divided by two to simulate both wheels 

independently. The rotational inertia of the wheels is not 

included. From this equation we can derive the acceleration of 

the wheelchair: 

 

𝑎 =  
2∗𝐹𝑟𝑒𝑠

𝑚𝑡𝑜𝑡
  Eq.  4 

 

To compute the momentary speed of the wheelchair (vmodel) 

for the motor controllers the acceleration is integrated: 

 

𝑣𝑚𝑜𝑑𝑒𝑙 =  ∫ 𝑎  𝑑𝑡  Eq.  5 

 

The force on the wheelchair as a result of rolling resistance 

(Fig. 7) can be modelled as a simple static friction that depends 

on the mass of the participant and the wheelchair combined 

multiplied by the rolling resistance coefficient (μ), the 

gravitational constant (g), and adjusted for inclination (α): 

 

𝐹𝑟𝑟 =  𝑚𝑡𝑜𝑡 ∗ 𝑔 ∗  𝜇 ∗ 𝑐𝑜𝑠 (𝛼)  Eq.  6 

 

Air drag is a velocity dependent friction and at high speeds it 

becomes the most important source of friction. It is influenced 

by the velocity of the wheelchair (Vwc) and wind (Vw), the 

frontal plane area of the wheelchair user combination (A), the 

air density (D), and the aerodynamic drag coefficient (Cd): 

 

𝐹𝑎𝑖𝑟 =  0.5 ∗ 𝐷(𝑉𝑤𝑐 − 𝑉𝑤)2𝐴𝐶𝑑 Eq.  7 

 

Finally, when the wheelchair is going up or down a slope (α) 

there will be a force acting on the system as a result of gravity, 

this is expressed in (8): 

 

𝐹𝑎𝑛𝑔𝑙𝑒 = 𝑚𝑡𝑜𝑡 ∗ 𝑔 ∗ 𝑠𝑖𝑛(𝛼)  Eq.  8 

 

The advantage of using servomotors is that they can simulate 

realistic slope conditions (with exception of actual tilting of the 

wheelchair-user combination) where the wheelchair accelerates 

or decelerates accordingly, which is not possible with a braked 

or passive system. 

Coast-down results demonstrating the simulation for a single 

participant in a regular handrim wheelchair are shown in Fig. 8. 

 
Fig. 5.  Individual and mean calibration curves for 34 participants in their 
personal wheelchair. Every calibration is different due to differences in mass, 

the distribution thereof, and the tension on the fastening straps. The spline (as 

shown) was replaced with a linear interpolation (firmware version 1.0.4). 
  

 
Fig. 6.  Single force measurement (5Hz, 2nd order filtered) during acceleration 
and deceleration of the rollers without a wheelchair after adjusting for system 

friction. The measured force is acceleration dependent and reflective of the 

system inertia. 
  

TABLE I 

COMMON OUTCOME PARAMETERS THAT CAN BE CALCULATED WITH ONLY EFFECTIVE FORCE, SPEED, AND THEIR DERIVATIVES (1) 

Variable Description Equation 

Spatio-temporal   

Push time (s) Time from the start of positive torque to the end of positive torque for a push tend(i)-tstart(i) 
Cycle time (s) Time from the start of one push till the start of the next push tstart(i+1)-tstart(i)

 

Push frequency (pushes/min) Amount of pushes per minute npushes/min 

Contact angle (deg) Amount of the handrim used per push ⱷend-ⱷstart 
Kinetic   

Mean torque (Nm) The mean torque (during an individual push) Meanstart;end(T) 

Peak torque (Nm) The maximum torque (during an individual push) Maxstart:end(T) 
Mean power (W) Mean power (during the push phase) Meanstart;end(ω*T) 

Smoothness (%) Mean relative to the peak of push torque Mean /Peak*100 

Slope (Nm/s) Peak toque divided by the time it takes to achieve peak torque Peak/tstart:peak 
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V. MEASUREMENT MODES 

The ergometer currently supports four different ways to 

evaluate wheelchair propulsion performance: 

(a) Isoinertial 

(b) Isokinetic 

(c) Isospeed 

(d) Isometric 

The isoinertial mode allows for the realistic simulation of 

wheelchair propulsion with the previously described simulation 

model. It allows for the study of wheelchair biomechanics in 

realistic circumstances, but higher or lower (than overground) 

values for friction or inertia can also be used for specific 

research designs. Friction can be adjusted during a test or in a 

predefined protocol. 

The isokinetic mode allows for realistic propulsion up to a set 

speed which acts like a ceiling. Participants can push the 

ergometer to this ceiling, but the motors will prevent going 

beyond that speed. In wheelchair propulsion this mode is still 

unexplored, but it could for example be used for max-testing.  

This is similar to the isospeed mode in which the wheels turn 

at a constant speed that is not affected by external forces, which, 

for example, could allow for the study of speed-force relations 

in wheelchair propulsion. Additional safety precautions are 

strongly advised for this mode. 

Finally, the isometric mode locks the breaks so a maximum 

force isometric strength test can be performed. This could be 

used to scale friction for sprint testing to the personal needs of 

the participant [27], [28].  

VI. PROCESSING DATA 

Data can be exported from LEM to a Microsoft Excel file. 

When exported, one can use their own algorithms to extract 

meaningful variables. As only the effective force can be 

measured, the outcome measures that can be computed are 

more limited than with an instrumented wheel (e.g Table I). 

Examples of often used outcome variables are given below. 

Data should first be filtered before performing further 

calculations [19]. The ground frequency of the measurement 

system is approximately 19Hz. Moreover, irregularities in the 

rollers and wheelchair tyres, and changes in posture all add 

noise to the measurement signal. As such, data in the next 

section were first filtered in Python (Python Software 

Foundation, https://www.python.org) with a 10 Hz cut-off 8th 

order Butterworth filter was used for the force data and a 5 Hz 

cut-off 4th order Butterworth filter was used on the velocity data 

[29]. Software for the analysis of ergometer and measurement 

wheels is available at [30]. 

VII. PRELIMINARY RESULTS 

To assess the measurement capabilities of the ergometer an 

initial comparison was made between the ergometer and an 

existing commercially-available Optipush (Max Mobility, 

Antioch, TN, USA) measurement wheel. The measurement 

wheel was used as a gold standard as it has a low error [31], 

obtains similar results as other measurement wheels [21], and 

can directly measure force on the handrim, whereas the 

 
Fig. 7.  Example of rolling friction simulation effect on expected power output. 

Friction coefficients taken from Van der Woude et al. [39] for High-pile carpet 
(µ=0.028), Low-pile carpet(µ=0.20), and Tile (µ=0.15). 

  

 
Fig. 8.  Comparison between set friction in the ergometer software and friction 

as determined by a coast-down test with a single wheelchair-user combination. 
Mean and standard deviations of five trials with five separate calibrations. 

  

TABLE II 

COMPARISON BETWEEN ERGOMETER AND MEASUREMENT WHEEL OUTCOME PARAMETERS DURING STEADY-STATE PROPULSION (N=19) 

Variable  
Measurement 

wheel + (sd) 

Ergometer value + 

(sd) 

Difference + (%) 

 

Absolute 

difference + (%) 

Root mean square 

difference 

Intraclass correlation 

coefficient (95% CI)a 

Push time 0.32 (0.07) 0.32 (0.07) 0.00 (-0.07) 0.01 (2.96) 0.01 0.99 (0.97-0.99) 
Cycle time  1.29 (0.54) 1.29 (0.54) 0.00 (-0.32) 0.00 (0.32) 0.01 1.00 (1.00-1.00) 

Push angle  66.59 (14.17) 66.24 (13.84) -0.35 (-0.52) 2.00 (3.00) 2.43 0.98 (0.96-0.99) 

Mean torque 1.15 (0.30) 1.28 (0.27) 0.13 (11.18) 0.15 (13.41) 0.18 0.91 (0.53-0.97) 
Mean power 4.24 (1.11) 4.68 (1.00) 0.45 (10.53) 0.55 (12.98) 0.64 0.92 (0.61-0.97) 

Mean torque p.p 4.82 (1.30) 5.06 (1.41) 0.24 (4.98) 0.24 (4.98) 0.30 0.98 (0.62-0.99) 

Peak torque p.p 8.33 (2.64) 9.08 (2.86) 2.39 (7.70) 2.39 (7.70) 2.88 0.95 (0.17-0.99) 
Mean power p.p 17.78 (4.78) 18.52 (5.13) 0.74 (4.17) 0.74 (4.17) 0.97 0.98 (0.76-1.00) 

Peak power p.p 31.06 (10.01) 33.46 (10.74) 2.39 (7.70) 2.39 (7.70) 2.88 0.96 (0.34-0.96) 

Slope 61.88 (33.51) 79.57 (47.94) 17.68 (28.59) 17.69 (28.59) 24.05 0.84 (0.21-0.95) 
a. Two-way, mixed effect, single rater, absolute agreement; p.p = per push; sd = standard deviation 
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ergometer measures force more indirectly. The study was 

approved by the internal ethical committee (Ethische 

Commissie Bewegingswetenschappen). Nineteen trained able-

bodied participants provided written informed-consent. They 

performed three blocks of four-minutes of submaximal 

wheelchair propulsion on the ergometer at 1.11 ms-1 (Fig. 2) 

with friction standardized to the results of an overground coast-

down test in a smooth hospital hallway. The last minute of each 

block was used for analysis, assuming steady state propulsion. 

The results are shown in Table II and fig. 9. As expected, the 

ergometer signal is significantly noisier than the measurement 

wheel data. Spatio-temporal parameters (i.e. push time, cycle 

time, contact angle) all showed excellent agreement (Fig. 10). 

However, mean power, torque, and torque per push all had 

excellent agreement with a moderate-excellent confidence 

interval and mean power per push showed an excellent 

agreement with a good-excellent confidence interval. Peak 

torques per push were higher for the ergometer and showed 

excellent agreement with the measurement wheel, however, the 

confidence interval ranged from poor-excellent. Slope showed 

good agreement, but the confidence interval ranged from poor-

excellent. 

VIII. DISCUSSION 

The current system can provide an appropriate simulation of 

overground wheelchair propulsion across a large range of 

frictional settings and speeds. In addition to this, it allows for 

push-by-push analysis of wheelchair kinetics and temporal 

characteristics through indirect force measurements.  

The results of the coast-down tests show that, while consistent 

over multiple trials/calibrations, the simulated friction of the 

ergometer is slightly lower than expected based on the input 

settings of the model. This could be due to sensor drift or due 

to slight changes in posture of the participant. Another 

possibility could be that some factors that were not calibrated 

for influence the force readings of the ergometer and thereby 

the simulation. The current calibration implementation of the 

ergometer includes static and viscous frictional components. 

However, second order (or higher) frictional components are 

not included. Moreover, the inertia compensation is fixed and 

might not be appropriate for all wheelchair wheels (especially 

measurement wheels). In this regard, a calibration based on 

ramp or sinusoidal input could provide information on the 

nonlinear properties of the wheelchair-ergometer combination 

[23].  

The comparison between the ergometer and the measurement 

wheel showed similar results and good-excellent agreement for 

most outcome parameters. The ergometer appears to slightly 

overestimate the force/torque production of the participants. 

More detailed calibrations with reference weights should 

determine the origin of this difference. Moreover, further 

studies using a wider range of speeds and loads should be 

performed to provide a broader picture of measurement 

accuracy. The noise could be reduced by improving the balance 

of the rollers, using better wheelchair wheels and construction, 

and investigating the effect of adjustments by the motor 

controller on the measurement signal. 

Another difference between the ergometer and a measurement 

wheel is that roller ergometers by definition cannot measure 

handrim propulsion force. Instead, they measure the effect of 

the combined hand torques and propulsion force, which is 

pooled into one component: the effective-force component. 

While most wheelchair biomechanics propulsion outcomes do 

not require detailed (3D) information (Table I), it is essential 

for modelling segmental torques like in the Delft Shoulder and 

Elbow Model [32].  

Nevertheless, the advantage of using the ergometer instead of 

the measurement wheels apparent [1]. The ergometer can be 

used with any wheelchair configuration without changing the 

wheelchair-user interface. This allows for faster testing, which 

is especially important in a clinical/sports environment. It also 

makes the ergometer more suitable for measuring in a sports 

environment as measurement wheels are usually not built for 

sports wheelchairs and the high strains experienced during 

testing of athletes [33]. Finally, the ergometer allows for the 

testing of different wheelchair configurations (e.g. handrim 

types), whereas in most measurement wheels the configuration 

is fixed. 

The ergometer in this paper uses a simple mechanical model 

to simulate wheelchair propulsion. It assumes straight-line 

propulsion, that the wheels do not slip on the floor, the 

movements of the subject do not influence the wheelchair, and 

that the castors do not contribute to the dynamics of the 

wheelchair [34]. Very detailed models of wheelchair propulsion 

 
Fig. 9.  Comparison of measurement wheel and ergometer data. Both signals are low-pass filtered with a 10Hz 8th order Butterworth filter. Typical individual 
example is for the last five seconds of each four-minute block for the participant with the median cycle time.  
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include several wheelchair parts and the centre of mass [35], 

[36]. However, it is not feasible to include kinematic 

information of body segments in a model that also directly 

controls the ergometer without impacting the ease-of-use. 

There are also models specifically built for simulating 

curvilinear propulsion [34], however, the majority of 

ergometer-based testing is on straight-line propulsion and the 

accuracy increase is only within the range of a few percent. The 

difference is between models is more pronounced for the inner 

wheel than for the outer wheel. Resultingly, when turning 

movements are of interest (e.g. for simulating tight spaces) a 

curvilinear model should be adopted. 

The ergometer will be improved by collaborating with various 

research institutes, rehabilitation centres, and sports 

organizations. In our future work with the system the 

measurement performance of the ergometer will be tested with 

reference weights during static and dynamic conditions. For 

widespread adoption, standardized protocols for use in all 

application areas will have to be designed and validated 

together with researchers and clinicians. As wheelchair users 

form a very heterogeneous group ranging from people that 

seldomly propel the wheelchair themselves to Paralympic 

athletes with a variety of different impairments [4], it is 

important that the ergometer can facilitate a wide range of users, 

wheelchairs, and protocols. 

The ergometer facilitates researchers by providing access to 

raw data through LEM. Moreover, the ergometer can be used in 

rehabilitation centres to allow for the training and assessment 

of patients. In this case, submaximal exercise at low loads will 

be more common than in research or sports settings. 

Practitioners should be able to quickly identify inefficient 

propulsion patterns (i.e. high push frequency, low contact angle 

[37]) and have patients adjust where necessary. In contrast to 

researchers, they are less interested in the raw data and they 

want LEM to provide the analysis for them. In the future, 

efficient propulsion techniques might be promoted with the use 

of exergames or different forms of (visual) biofeedback. Having 

an API available could aid in this process. Finally, in athlete 

assessment and training the athletes and their coaches need 

reliable data to monitor the status of the exercise capacity and 

performance ability of the athlete. The system needs to be able 

to withstand the high forces that a wheelchair athlete can exert 

on the ergometer during peak or sprint testing. Athletes also 

need to be able to train with standardized protocols. Again, the 

ergometer should provide quickly interpretable data and 

standardized protocols for this group of users based on input 

from researchers. 

IX. CONCLUSION 

The current wheelchair ergometer is able to measure and 

simulate wheelchair propulsion. It is presently being used for 

different experiments. At first, these are related to the validation 

of the ergometer and associated measurement protocols. Then, 

for studying both the physiology and biomechanics of 

wheelchair propulsion from early rehabilitation to sports. A 

variety of use-cases were presented in this paper. Our 

preliminary results demonstrate the functionality of the 

ergometer. Future research should focus on reducing the signal 

noise and producing standardized protocols with easy to 

interpret input and output. 
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