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  Abstract 
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Abstract 
The wheelchair is one of the most commonly used assistive devices to enhance the mobility 

of people with lower limb impairments. According to the World Health Organisation (WHO), 

more than one percent of the world's population is dependent on a wheelchair. More than 

90% of all wheelchair users prefer the push-rim, even though it is the least efficient mode of 

propulsion. Awkward force distribution in non-ergonomic joint angle ranges as well as 

frequent repetitions are not only strenuous for the musculoskeletal system, they also 

frequently lead to severe upper limb injuries. Consequently, a project supported by the 

Austrian Research and Science Fund (FWF) was launched with the aim of developing an 

ergonomic wheelchair drive which reduces joint strain while maximising power output.  

The aim of the present work was to develop and evaluate a mechanical wheelchair drive that 

follows a motion path optimised for the musculoskeletal system previously obtained by 

numerical simulation and optimization methods. 

A crank mechanism was chosen as the most suitable propulsion variant for this purpose, in 

which a length-variable crank follows a sliding guide along the optimal path of motion using. 

Timing belts transmit the propulsion power slip-free to the reduced rear wheels, and the crank 

position can be adjusted to the user without any tools. A stationary, wheelchair-based test 

stand has been developed during the course of this work to evaluate different propulsion 

methods. 

Through hand contact force measurement, motion analysis, electromyographic as well as 

spiroergometric measurements, the novel drive was tested and evaluated at different power 

levels with a group of wheelchair users as well as a nondisabled control group. 

The results showed that this novel drive enables force application over the complete drive 

cycle, while keeping the joint angles within the ergonomic ranges. Furthermore, the efficiency 

was significantly increased compared to push-rim propulsion. 

The scientific work presented here can contribute significantly to people who are dependent 

on a wheelchair and can help to preserve or improve their independence and integration in 

daily life.  
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Kurzfassung 
Der Rollstuhl ist eines der am häufigsten verwendeten Hilfsmittel, um die Mobilität von 

Menschen mit Einschränkungen der unteren Extremität zu verbessern. Nach Angaben der 

WHO sind mehr als ein Prozent der Weltbevölkerung auf einen Rollstuhl angewiesen. Obwohl 

der Greifring die am wenigsten effizienteste Antriebsart darstellt, ist er für mehr als 90 % aller 

Rollstuhlfahrer die bevorzugte. Ungünstige Kraftverhältnisse in nicht ergonomischen 

Gelenkwinkelbereichen als auch die vielen Wiederholungen sind nicht nur anstrengend für 

den Bewegungsapparat, sondern führen häufig zu schweren Erkrankungen der oberen 

Gliedmaßen. Deswegen wurde ein durch den österreichischen Forschungs- und 

Wissenschaftsfond (FWF) unterstütztes Projekt ins Leben gerufen, welches das Ziel eines 

gelenkschonenden, ergonomischen Rollstuhlantriebs bei maximaler Leistungsausbeute hatte.  

Ziel dieser Arbeit war es, auf Basis einer zuvor durch computerunterstützte Simulation 

erhaltenen, für den Bewegungsapparat optimierten Bewegungskurve, einen dieser Kurve 

folgenden, mechanischen Rollstuhlantrieb zu entwickeln als auch zu evaluieren. 

Als für diesen Zweck am besten geeignete Antriebsvariante wurde ein Kurbelmechanismus 

gewählt, der über eine längenveränderliche Kurbel einer Gleitführung mit der optimalen 

Bewegungskurve folgt. Über Zahnriemen wird die Antriebsleistung zu den verkleinerten 

Hinterrädern schlupffrei geführt, die Lage der Kurbeln kann ohne Werkzeug auf die Benutzer 

eingestellt werden. Zur Evaluierung verschiedener Antriebsformen wurde im Zuge dieser 

Arbeit auch ein stationärer, rollstuhlbasierender Prüfstand entwickelt. 

Mittels Handkontaktkraftmessung, Bewegungsanalyse, elektromyographischer als auch 

spiroergometrischer Messungen wurde der neue Antrieb bei unterschiedlichen 

Belastungsstufen mit einer Gruppe von Rollstuhlfahrer*innen als auch einer nicht 

beeinträchtigten Kontrollgruppe getestet. 

Die Ergebnisse zeigten, dass diese neue Antriebsform eine Kraftaufbringung über den 

gesamten Antriebszyklus hinweg ermöglicht, wobei die Gelenkwinkel in den ergonomischen 

Bereichen bleiben. Darüber hinaus konnte die Effizienz im Vergleich zum Greifring erheblich 

gesteigert werden. 

Die hier vorgestellte wissenschaftliche Arbeit kann einen wesentlichen Beitrag für Menschen, 

welche auf einen Rollstuhl angewiesen sind, leisten und kann dazu beitragen ihre 

Unabhängigkeit sowie die Integration im alltäglichen Leben zu erhalten bzw. zu verbessern.
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1 Introduction 
1.1 Motivation1 
The wheelchair is one of the most commonly used assistive devices for enhancing the mobility 

of physically disabled persons. According to the World Health Organization, an estimated 1% 

of the world's population, or more than 80 million people worldwide, require the use of a 

wheelchair [1]. Wheelchair users typically include people with spinal cord injuries, lower limb 

amputation, stroke, multiple sclerosis, rheumatoid arthritis, spina bifida, poliomyelitis as well 

as hip fractures and other groups. Nearly 90% of all wheelchairs are propelled manually by 

using the arms to apply force to the push-rims, even though it is the least efficient pattern of 

propulsion [2].  

Manual wheelchair users use upper extremities mainly for mobility, but also for transfers, 

pressure relief, and several other daily functional activities. During all these activities, high 

joint loads are applied to the upper limbs, which are not accustomed to heavy repetitive 

loading. Thus, manual wheelchair users are at a high risk of upper-limb injury. There is a high 

prevalence of upper-limb pain and pathology in manual wheelchair users, including the carpal 

tunnel syndrome at the wrist, shoulder impingement syndrome and rotator cuff injuries, 

elbow/shoulder tendinitis and osteoarthritis [3–5].  

Upper-extremity pain and injury are therefore a major problem for wheelchair dependent 

persons as use of the arms is essential for independent mobility and participation in the 

community. Thus, extensive research has been performed to understand the biomechanical 

and physiological factors of wheelchair propulsion [6].  

Limited information is available on joint angle ranges and joint loads during conventional PRP. 

The applied patterns during PRP are characterized by large variations between subjects and 

the results are altered by propulsion cadence [7]. However, it can be concluded from literature 

that PRP leads to non-ergonomic joint excursions, especially for the wrist and shoulder joint 

and that the highest loads occur in these non-ergonomic areas. 

Furthermore, as mentioned before, PRP is energetically inefficient and associated with high 

cardiopulmonary effort, leading to high metabolic cost, heart rate and oxygen uptake [8–10]. 

Previous studies show that only 20% of the stroke cycle, the so-called push phase, contributes 

 
1 Due to the proximity in content of this cumulative dissertation and the publications included therein, 
this section is based on the review of Publication I-IV. 
. 
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to pushing the wheelchair forward [10]. To benchmark mechanical efficiency of manual 

wheelchair propulsion, gross mechanical efficiency (GME), the percentage ratio between 

external power output and energy expenditure, is used. In PRP, GME is usually between 2 10% 

and rarely exceeds 10% [2, 11].  

Alternative modes of manual wheelchair propulsion have been widely considered, the most 

common alternatives being lever-propulsion and arm-crank-propulsion. Both of these 

methods increase joint range of motion in the upper limb, particularly at wrist and shoulder 

joints, compared to PRP [2, 12, 13]. 

Lever-propelled devices were mainly designed to reduce repetitive strain injuries [2, 12, 14, 

15]. Previous studies have shown that lever-propelled wheelchair designs decrease shoulder 

muscular demands and offer more constant propulsion force application at the hand [2, 12, 

14, 16].  In general, GME in lever-propelled devices is found to be higher compared to PRP, 

and wheelchair users report greater overall satisfaction with lever-propelled wheelchairs, but 

previous designs do not consider user anthropometrics [2, 15]. However,  Zukowski et al. [12] 

compared the metabolic cost of a special so-called  ergonomic lever propulsion mechanism 

(EHDM) with conventional PRP for twelve spinal cord injured adults, and surprisingly, the 

results for ergonomic lever propulsion showed lower VO2 efficiency and almost identical HR 

compared to PRP. 

Arm-crank-propelled wheelchairs, so-called handcycles (handbikes), are the most popular 

crank-propelled alternative to PRP for manual wheelchair propulsion with GME values 

measured between 8% and 15%  [13, 17–20]. Due to a higher energetic efficiency and lower 

strain on the cardiorespiratory system, several authors recommend the handcycles as an 

alternative to push-rim wheelchair propulsion for outdoor use [10, 13, 17, 19, 21, 22].  

In general, the efficiency of alternative devices for wheelchair propulsion is often higher, 

especially when gearing is included. A major drawback of all currently available alternative 

propulsion systems is that they can hinder activities of daily living (ADL), as they are usually 

bulky, heavy and less manoeuvrable. This can be problematic for essential daily activities, such 

as transfers, back wheel balancing to overcome steps, moving the chair over a variety of 

surfaces or sitting at a table [2, 13, 17, 23, 24].  
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1.2 Biomechanical Optimization and Design of a Novel Device for Manual 

Wheelchair Propulsion 

The work presented here was part of the research project "Biomechanical optimization and 

design of a novel device for manual wheelchair propulsion" and was supported by the Austrian 

Science Fund (FWF) under grant number P 25507 B24. 

In this project, to overcome the limitations of PRP, the project team2 set the overall goal to 

combine musculoskeletal modelling with the principles of wheelchair mechanical design to 

develop a novel optimized manual wheelchair propulsion device that is compatible with the 

physiological properties of the human upper-limb musculoskeletal system. 

Based on findings of previous studies related to this topic, the design criteria for the optimized 

devices shall be: 

I. Circular hand movement and a continuous upper-arm movement pattern that involves 

the flexor and extensor muscles, and hence a larger muscle mass compared to a 

discontinuous push. We hypothesize that the new design will distribute physical strain 

over a larger number of muscles. 

II. No extreme joint excursions 

III. Two optimization problems shall be solved using two different cost functions:  

a. Cost Function 1 will minimize muscular effort during manual wheelchair 

propulsion, thereby improving mechanical efficiency.  

b. Cost Function 2 will minimize upper-limb joint contact forces.  

In a first step, a 3D human musculoskeletal model of the upper extremity shall be established 

to determine a handle-based continuous wheelchair propulsion movement in a forward 

dynamic optimization simulation that optimizes the handle-path shape and muscle activity 

patterns for maximum net propulsion power. These results are described in detail in the 

doctoral thesis of Nithin B. R. Kurup [25] and partially in [Journal Publication I & II]. 

In a second step, the obtained results from simulation shall be applied and, consequently, two 

novel optimized propulsion devices (left and right side) shall be developed and evaluated 

which is the main content of the here presented thesis. 

 
2 The project team consists of researchers from the Research Division of Biomechanics and Rehabilitation 
Engineering at TU Wien (Head: Prof. M. Gföhler) and the Department of Mechanical Engineering at the 
University of Melbourne (Head: Prof. M. G. Pandy) 
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1.3 Objectives 
As part of the residual project, this dissertation aims to develop and evaluate a novel manual 

wheelchair drive mechanism that follows an ergonomically optimized movement path for the 

arms, which is expected to be more joint-friendly and efficient compared to conventional 

manual drives.  

The optimized motion path has been obtained from musculoskeletal simulation and 

optimization [25], thus the focus of this thesis is on the mechanical implementation followed 

by evaluation and benchmarking of this novel wheelchair drive. 

The following objectives were set for a comprehensive evaluation as well as the biomechanical 

assessment of the novel wheelchair drive: 

I. Propulsion parameters required for the mechanical implementation of the drive shall 

be determined based on simulation results [Journal Publication I]. 

II. A custom-built instrumented wheelchair ergometer shall be developed to ensure 

reliability and reproducibility of measured data during experiments with different 

propulsion devices [26]. 

III. Muscle activations of the major upper limb muscles shall be measured on non-disabled 

individuals during different workloads on the physically realised handle-based 

propulsion drive (HBP) and the push-rim to investigate differences in muscle activation 

patterns. The assumption of lower peak muscle activations and thus reduced muscular 

effort during HBP shall be evaluated. [Journal Publication II].  

IV. Propulsion forces, upper-limb joint excursions and predicted net joint torques 

generated by this novel HBP device shall be determined on the instrumented test rig 

for paraplegic and non-disabled subjects.  The hypothesis of higher propulsion force 

effectiveness, lower average propulsion forces and ergonomic joint excursions during 

HBP in comparison to PRP shall be validated. Furthermore, the individual force 

application over an entire cycle shall be investigated to identify changing propulsion 

patterns. [Journal Publication III]. 

V. Differences in metabolic cost and mechanical efficiency for HBP in comparison to PRP 

shall be investigated on the instrumented test rig. Data shall be collected from 

paraplegic long-term wheelchair users as well as non-disabled individuals, to further 

investigate effects on propulsion mode and efficiency and to determine how the 

results differ for long-term wheelchair users who have trained muscle coordination 
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patterns for PRP and may also have changed relative muscle strengths. Furthermore, 

the hypothesis that HBP is more energetically efficient and less strenuous compared 

to PRP shall be validated. [Journal Publication IV]. 
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2 Methods3 
The present work describes the development of a novel handle based manual wheelchair 

propulsion device that was evaluated for both mechanical efficiency and metabolic cost. This 

section describes the methods used. The descriptions are intended to provide a basis for 

understanding the research findings presented in Chapter 3 (Journal Publication ) and Chapter 

7 (Conclusion and Outlook). 

2.1 Propulsion Device Design 
A mechanism must be designed to generate the propulsion path determined by the dynamic 

optimization solution described in Kurup [25].  

Due to the most important design criteria of size and weight, a solution was found that 

consists of a sliding guide mechanism which follows the optimized handle path and a slip-free 

power transmission to the back wheels (Figure 1 and Figure 2).  

The use of latest manufacturing methods, such as fiber-reinforced 3D printed plastics, enabled 

a slim design that is optimized for load and allows steady guides with low weight and 

maximum stiffness. Moreover, the chosen design allows easy testing of different path 

 
3 The method section is based on the method sections of the publications included in this cumulative 
dissertation. 

 

Figure 1: Schematic function of the length-adjusting crank mechanism. 
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solutions obtained from simulation by only changing the sliding guide part, which is an 

important point for improvements on the prototype. 

The novel handle based propulsion (HBP) drive is mounted on each side of a conventional 

wheelchair instead of the armrests. The drives for the left and the right side are basically the 

same and were designed in a way that most parts can be used for both sides.  Thus, the 

function is only explained for the right-hand drive.  

The handle is mounted to a length-adjusting crank, that rotates around the center point of the 

path and follows the sliding guide (Figure 1). The propulsion torque is transmitted via timing 

belts to the back wheels of the wheelchair. A special pulley layout allows to adapt the crank 

center position horizontally and vertically to the user’s anthropometric lengths without 

changing the belt pretension. With the possibility of a changeable timing belt pully, the gear 

ratio can be adjusted for different back wheel diameters to guarantee submaximal propulsion 

at the recommended cadence of 50 revolutions per minute [22].  

 

 

Figure 2: Novel handle based propulsion (HBP) device for the right-hand side 
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Two sets of prototypes were built, one adapted for the scientific measurements and the other 

for demonstration of the functionality on a conventional wheelchair.  

The scientific prototypes were attached to the wheelchair-based test rig described in 

Chapter 2.2.1. Thus, the prototypes did not include the objectives of not restricting the 

working space of the upper extremities, no impeding during transfers and the possibility of 

braking. Figure 3 shows the HBP devices mounted on a conventional wheelchair to 

demonstrate the functionality. The back wheels were reduced to 20 inches to avoid collisions 

with the propulsion mechanism, and a hydraulic bicycle braking system was used with brake 

levers on each handle. The whole design is described more detailed in [Granted Patent]. 

A short video clip showing the HBP drive in action is available on YouTube® by scanning the 

QR code below. 

 

 
https://youtu.be/jUpi1ZzdHBQ 

 

 
Figure 3: Conventional wheelchair equipped with two HBP devices in different views 

https://youtu.be/jUpi1ZzdHBQ
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2.2 Experimental Methods 
The objective was to investigate differences in metabolic cost, muscle activation patterns, and 

mechanical efficiency for this novel HBP device compared to the standard PRP. Data were 

collected from paraplegic subjects, who are long-term wheelchair users, and non-disabled 

individuals to further investigate effects on propulsion mode and efficiency and to determine 

how the results differ for long term wheelchair users who have trained muscle coordination 

patterns for push-rim propulsion and may also have changed relative muscle strengths. 

The experiments with paraplegic subjects were performed at the Rehabilitation Center 

Weisser Hof in Klosterneuburg (Lower Austria), whereas the experiments with non-disabled 

subjects were performed at the laboratory facility of the Research Unit for Biomechanics and 

Rehabilitation Engineering at TU Wien. All subjects provided informed consent and approval 

for all measurements was obtained from the responsible federal state ethics committee 

(GS1-EK-3/149-2018). 

Each group used an instrumented wheelchair-based test rig (described in Section 2.2.1) 

operating at constant speed and different resistance levels. Three different experiment types 

were performed to evaluate the novel propulsion device:  

I. Comparison of upper extremity muscle activations between PRP and HBP at different 

workloads [Journal Publication II] 

II. Determination of hand contact forces and correspondent joint angles to estimate joint 

torques at shoulder and wrist [Journal Publication III] 

III. Recording of cardiorespiratory factors to assess metabolic cost and gross mechanical 
efficiency [Journal Publication IV]. 

2.2.1 Test Rig [26] 

A standard wheelchair represents the basis for the development, the digital mock-up of the 

test-rig is shown in Figure 4. The base frame, a welded steel tube construction raises the 

wheelchair to a height where the back wheels are not in contact with the floor. A motor-

gearbox unit (EC45, Maxon Motors) mounted under the seat with associated control 

(EPOS 70/10, Maxon Motors) is connected via a timing belt to a distribution shaft. The 

distributor-shaft connects timing belt pulleys for the back wheels and front attachment area, 

where different propulsion devices can be attached. The standard 24-inch back wheels with 

push-rims have been modified with timing belt pulleys so that they can be connected to the 

pulleys of the distributor-shaft. A manually operated belt tensioner allows the back wheels to 
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be attached or detached quickly and easily. With this configuration, the back wheels can be 

changed in less than two minutes.  

The controller of the motor-gear unit can communicate with the programmed LabView® 

routine on the PC and acts as resistor during propulsion of any device attached to the test rig. 

The released energy is dissipated via a shunt regulator (DSR70/30, Maxon Motors). A small 

flywheel is attached to the motor-gearbox unit to flatten control peaks in acceleration and 

deceleration phases and to imitate inertia (Figure 5). 

By starting and stopping measurements on the test rig, the controller sends trigger impulses 

(+5V twitch), where different measurement systems can be synchronized. The software 

enables the user to operate the test rig in three different modes: 

I. Imitation of real conditions, whereas specific profiles for velocity, inclination and floor 

conditions over the time can be set and driven. 

II. Constant power mode, whereas the resistance torque is permanently adapted to the 

propulsion speed to keep a predefined power value. 

III. Incremental power mode, whereas the resistance torque is changing to predefined 

power values by time. 

Over an additional monitor connected to the PC, visual feedback on resistance power, 

propulsion speed and experiment time can be given to the probands. Furthermore, the 

 
 

Figure 4: Digital mock-up of the wheelchair-based test rig in front (left) and rear view (right) 
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software is able to record data from both, a commercially available instrumented push-rim 

wheel (SMARTWheel) and a custom-made wireless force/torque measuring handle. 

 

2.2.1.1 SMARTWheel 

The SMARTWheel (Out-Front, USA), shown in Figure 6, is an instrumented wheel for push-rim 

propulsion designed for professional use in clinical or research settings [27]. The unit is 

equipped with an axle mount and replaces the 24-inch back wheel of a manual wheelchair. 

 
Figure 5: Drive-train layout of the wheelchair-based test rig 

 
Figure 6: SMARTWheel installed on the right side of the test rig during experiments with paraplegic subjects 
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Over Wi-Fi, information on three-dimensional propulsion forces and torques, applied to the 

push-rim are sent and can be stored and visualized. Similar to the modified push-rim wheels, 

a timing belt pulley was added to the hub of the SMARTWheel to connect it with the test rig. 

 

2.2.1.2 Force Measurement Handle 

To determinate the applied hand contact forces during propulsion in HBP custom made force 

measurement handle similar to [28] was used. Different to the existing solution, the 6-axis-

force/torque sensor (K6D40, ME-Messsysteme GmbH) was moved out of the center to reduce 

the overall width to the size of the HBP’s handgrip (Figure 7). The sensor handle was integrated 

into a 3D printed fiber-reinforced low-density plastic housing to minimize the effects of inertia. 

With a M10 machine thread, the sensor can be mounted on each HBP device by replacing its 

handgrip. Two measurement amplifiers (GSV-4BT, ME-Messsysteme GmbH) are integrated 

above and below the handgrip and send the measurement data directly to the test rig 

software via Bluetooth. Three-dimensional propulsion forces respective to the tilt-angle are 

measured. The sensor calibration is performed automatically before each measurement. 

 

2.2.2 Measurement of Muscle Activations4 

Muscle activations were recorded of seven muscles (deltoid anterior, deltoid medial, deltoid 

posterior, pectoralis major, biceps brachii, triceps long and triceps lateral) via surface 

 
4 This section is based on the methods of Journal Publication II 

 
Figure 7: Weight and width modified Force Measurement Handle used during experiments 
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electromyography electrodes (sEMG) using a wireless EMG measurement system (Delsys 

Trigno). Only the right arm was investigated and used to propel in both propulsion modes, 

assuming symmetry of propulsion as only subjects without upper extremity injury or pain were 

selected [Journal Publication II]. 

After placement of all EMG sensors for each subject (Figure 8), muscle maximum voluntary 

contraction (MVC) measurements were conducted, to normalize the EMG.  

For the tests, two workloads at 25W and 35W had to be performed with both HBP and PRP. 

Therefore, the test rig was set to constant power mode, where the propulsion resistance can 

be predefined via the software [26]. 

Figure 9 left shows the schematic experimental setup of the muscle activation measurements 

for PRP. The same setup was used for the HBP measurements, only on the test rig the back 

wheels were detached and an HBP unit was installed instead of the armrest (Figure 9 right). 

During tests, visual feedback was given to the participants to aid keeping the target propulsion 

speed of 1.1m/s. 

The subjects performed the tests at two workloads for each of the propulsion systems in a 

randomized order to minimize effects of training or fatigue on the results. To determine 

propulsion cycles from motion, an 8-camera motion capture system (Motion Analysis 

Corporation, Kestrel 2200/Cortex 7) along with reflective markers placed on the propulsion 

units of HBP and PRP at 120Hz capture frequency was used. The data collection of all systems 

was synchronized by the test rig software. 

 
Figure 8: EMG surface electrode placement  

 (1: deltoid anterior, 2: deltoid medial, 3: deltoid posterior, 4: pectoralis major, 5: biceps brachii, 
6: triceps long and 7: triceps lateral) 
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2.2.3 Measurement of Hand Contact Forces and Joint Angles5 

The subjects were asked to complete two workloads at 25W and 35W with both HBP and PRP 

on the test rig. Therefore, test rig which operated in constant power mode. Due to the 

assumption of symmetric propulsion, the hand contact forces were measured on the right side 

for both propulsion modes. For HBP, the hand contact forces were measured with the force 

measuring handle, for PRP with the SMARTWheel.  All trials were performed at a wheelchair 

linear velocity of 1.1m/s and visual feedback on actual and target speed was provided to each 

participant, ensuring a constant speed during each trial.  Figure 10 shows the schematic 

experimental setup of the contact force and joint angle measurements for PRP and HBP. 

 
5 This section is based on the methods of Journal Publication III 

  
Figure 9: Schematic of the experimental setup for EMG measurements in PRP (left) and HBP (right) 
{PC: Computer, TR: Test Rig, VF: Visual Feedback, EMG: EMG Base Station, C: Motion Capturing} 

  
Figure 10: Schematic of the experimental setup for hand contact force and joint angle measurements in 

PRP (left) and HBP (right) 
{PC: Computer, TR: Test Rig, VF: Visual Feedback, SW: SMARTWheel, FS: Force Sensor, C: Motion Capturing} 
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Ten propulsion cycles at each workload were recorded and a two-minute rest interval 

between the two trials was given. With an 8-camera motion capture system (Motion Analysis 

Corporation, Kestrel 2200/Cortex 7) the upper limb trajectories of ten reflective markers 

placed on the participant’s upper limb and trunk (clavicle, acromion, 7th cervical vertebrae, 

biceps, lateral epicondyle and medial epicondyle, forearm, radial styloid, ulnar styloid, 

2nd metacarpophalangeal) were recorded. Three additional markers were placed on the 

handle as well as on the SMARTWheel to simultaneously capture the position of the propulsion 

device (Figure 11). 

The data thus obtained were processed with Matlab® and converted to the respective joint 

angles. For post processing and data analysis only cycles after reaching steady propulsion at 

the target speed were used, acceleration and deceleration phases were not included. The data 

collection of all systems was synchronized by the test rig software. 

 

2.2.4 Spirometry Measurements6 

All participating subjects had to perform an exercise test on both HBP and PRP device. The 

exercise test consisted of two parts: a two-minute submaximal exercise test performed at 

 
6 This section is based on the methods of Journal Publication IV 

  
Figure 11: Reflective markers placed on the upper limb of each subject and propulsion devices 
{CIRCLE: upper limb or trunk marker, SQUARE: SMARTWheel marker, TRIANGLE: HBP marker} 
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15W constant resistance power, followed by a maximal exercise test in which the resistance 

power was increased by 5W every minute. Both parts were performed consecutively with no 

break in between. The test was terminated when either 55W of resistance power was reached 

or when the subject reached physical exhaustion and could not continue. To simulate a 

common propulsion speed, subjects were asked to maintain a propulsion speed in the range 

1.20-1.65m/s for both HBP and PRP. 

During each test, the actual resistance power and linear velocity were measured concurrently. 

For PRP, conventional 24-inch diameter push-rim wheels were mounted on the test rig 

whereas for crank propulsion two HBP devices were utilized instead of the armrests (Figure 

12). The test rig operated in incremental power mode, where the resistance progressively 

increased according to a predefined resistance increment and time interval. In all trials, visual 

feedback allowed the participant to maintain the target speed during propulsion. All subjects 

performed the same exercise with both PRP and HBP on the same day with a minimum rest 

period of 10 minutes between each trial. Subjects were assigned to alternately start with PRP 

or HBP to prevent any influence from fatigue.  

Oxygen uptake (VO2), carbon dioxide output (VCO2) and ventilation (Ve) were measured 

continuously using a wearable metabolic measurement system (Cosmed K5, Cosmed GmbH, 

Germany). The spirometry system was matched to the subjects with respect to ethnicity 

 
Figure 12: Spirometry measurement setup for HBP during incremental exercise 
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(Caucasian) and calibrated with a reference gas after each subject. The heart rate was 

measured with a heart rate monitor (Polar H10 ANT+, Polar Electro Inc., Finland). Linear 

velocity and cadence were obtained from the test rig control and were also measured using 

cadence sensors (B00JLMS848 ANT+/B00JLMRXCQ ANT+, Garmin Ltd., Switzerland) mounted 

on both HPB cranks and the back wheels. 

 

 

2.2.5 Data Analysis and Statistical Testing 

All data recorded data were processed using Matlab® (The MathWorks, Inc., USA) and 

statistical analysis was performed using SPSS (IBM, USA). For all tests, statistical significance 

was set at p < 0.05 with no adjustment for multiple comparisons. The following statistical tests 

were performed to compare subject group and propulsion method: 

I. T-test was performed to find any significant differences between the performance 

index of the muscles in the two propulsion modes [Journal Publication II].  

II. Levene’s test was applied to test for the homogeneity of variances between two 

groups [Journal Publication IV]. 

III. Analysis of variance (ANOVA) with different designs (2×2, 2×4×2) was used to 

determine effects between propulsion mode, subject group, and different workloads 

[Journal Publication II, Journal Publication IV]. 
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3 Journal Publication I 
3.1 Summary 
Title: Forward dynamic optimization of handle path and muscle activity for handle 

based isokinetic wheelchair propulsion: A simulation study  

In this study, a musculoskeletal model of the upper extremity is established to determine a 

handle-based continuous wheelchair propulsion movement. The focus was on finding a new, 

optimized propulsion shape for wheelchair users, which is within the upper limb ergonomic 

ranges of joint motion, thus reducing the probability of injuries. With a forward dynamic 

optimization approach the handle-path shape and muscle activity patterns for maximum net 

propulsion power were optimized. Therefore, the musculoskeletal model was linked to a 

handle-based propulsion mechanism, having shape and muscle excitations as optimization 

variables. 

For the possible implementation into a mechanical drive, the result with a circularity ratio of 

0.95 and a produced net propulsion power of 34.7W for an isokinetic propulsion cycle at 

50rpm was considered suitable for the purpose. A comparison of the joint ranges of motion 

gathered by simulation between PRP and HBP clearly indicates, that the HBP mechanism leads 

to motions which are in the ergonomic ranges for all joints, thus avoiding over-exertion of 

joints during the propulsion movement. 

The limitations of the study indicated that the promising results obtained by simulation should 

be supported in a further study with experimentally determined data. 
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3.2 Publication 

 
Forward dynamic optimization of handle path and muscle 
activity for handle based isokinetic wheelchair propulsion:  

A simulation study 
Nithin B. R. Kurup, Markus Puchinger, Margit Gföhler 

Research Division of Biomechanics and Rehabilitation Engineering, Department of Engineering Design and 
Product Development, Technische Universität Wien (TU Wien), 1060 Vienna, Austria; 

 
 

Abstract 
Push-rim wheelchair propulsion is biomechanically inefficient and physiologically stressful to 

the musculoskeletal structure of human body. This study focuses to obtain a new, optimized 

propulsion shape for wheelchair users, which is within the ergonomic ranges of joint motion, 

thus reducing the probability of injuries. To identify the propulsion movement, forward 

dynamic optimization was performed on a 3D human musculoskeletal model linked to a 

handle based propulsion mechanism, having shape and muscle excitations as optimization 

variables. The optimization resulted in a handle path shape with a circularity ratio of 0.95, and 

produced a net propulsion power of 34.7W (Watts) for an isokinetic propulsion cycle at 50 

rpm. Compared to pushrim propulsion, the compact design of the new propulsion mechanism 

along with the ergonomically optimized propulsion shape may help to reduce the risk of 

injuries and thus improve the quality of life for wheelchair users. 

 

Keywords - Wheelchair propulsion; musculoskeletal modelling; handle-based propulsion; 

dynamic optimization   
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Introduction 
Significant research work has been performed over the decades, to understand the 

biomechanical and physiological factors involved in wheelchair propulsion [6], as wheelchairs 

are considered an important necessity for the daily mobility and ambulation for physically 

disabled and injured persons. van der Woude et al. [2] reported that the hand-rim was the 

most favoured mode of propulsion by a large percentage of wheelchair users even though it 

follows the least efficient pattern of propulsion. The use of the hand-rim may lead to severe 

upper limb injuries mainly in the shoulder joint such as rotator cuff tear and injuries in the 

wrist region caused by the discontinuous and complex upper limb movements during 

propulsion [9]. Studies focused on the kinematic aspects of push rim propulsion, have shown 

that the joints of the upper limb exhibit large ranges of motion and at certain extreme joint 

limits, the muscles may need to produce relatively large forces to maintain the propulsion 

cycle. In such situations the muscles operate in unfavourable regions of their force–length 

curves, resulting in limited force production and subsequently leading to musculoskeletal 

injury and pain [29, 30]. In addition, studies on the kinematics and kinetics of wheelchair 

propulsion have reported that increasing the velocity of propulsion leads to increase in 

shoulder forces and moments [8, 31]. The increased magnitude of reaction forces at high 

speeds due to low contact duration [32, 33] can impose high mechanical demand on the 

shoulder muscles which control stabilization and rotation and this may contribute to acute 

shoulder pain and injury. Boninger et al. [7] noted that stroke patterns at decreased cadence 

resulted in lower cases of medial nerve injuries due to longer contact duration with the push-

rim. Jayaraman et al. [34] had reported that push-rim propulsion can lead to higher jerk forces 

due to sharp direction changes and abrupt speed changes associated with propulsion. Hence 

restricting the joint motion to ergonomic limits as in this study can prevent injuries due to 

simultaneous occurence of peak forces and peak shoulder angles with increasing speed as 

observed in push-rim propulsion [35]. Arm-cranking and hub-crank wheelchairs are the only 

available devices that use a continuous cyclic motion for wheelchair propulsion. These devices 

have geometrical restrictions (e.g. large frame size) that make them unacceptable for use in 

daily living as they severely restrict the maneuverability in small spaces [23, 24]. But cyclic 

form of propulsion is quite efficient as the force is uniformly applied to the handle over the 

full rotation resulting in lower peak force [10]. Whereas under hand-rim propulsion, additional 

braking moments are produced during the hand-rim contact and release periods, which hinder 
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the forward propulsion movements [36]. These forces reduce propulsion efficiency and 

increase the loading on the joints [9, 10, 37]. In addition, the continuous circular propulsion 

helps to distribute the propulsion load over more muscle groups, mainly by involving the flexor 

and extensor muscle groups, thereby reducing the chances of overuse injuries of specific 

muscles [6]. Based on the above concepts there is a significant shortage of propulsion 

techniques, which incorporate the cyclic propulsion pattern of hand cycling while compact 

enough to be adapted to a conventional wheelchair for daily living. Several studies have 

utilized three-dimensional upper extremity models and optimization techniques to estimate 

the muscle forces and joint variables involved in hand-rim wheelchair propulsion [9, 37, 38]. 

Forward dynamic simulations have been widely used even though computationally expensive 

to understand the intermuscular coordination during hand-rim based wheelchair propulsion 

[39–41]. To the best of our knowledge, no studies have targeted path shape optimization for 

wheelchair propulsion so far. Few studies dealt with shape optimizations using 3D human 

models and its concerned variables for dynamic chain-ring optimizations for cycle pedalling, a 

very similar problem for the lower instead of the upper extremity. Kautz and Hull [42] 

performed forward dynamic optimization using a torque driven 3D model to identify an 

optimal non-circular chain ring shape for pedalling, but the study lacked the important 

intrinsic properties of muscles such as muscle length and shortening velocity which have an 

influence on the resultant optimal chain ring shapes. A subsequent study by Rankin and 

Neptune [43] included a complete musculoskeletal model of the lower limb attached to a 

pedal setup for identifying chain ring shape using dynamic optimization. The results indicate 

that the muscle activation/deactivation dynamics play a vital role in determining the 

optimized chain ring shape. The aim of this study is to establish a musculoskeletal model of 

the upper extremity and determine a handle-based continuous wheelchair propulsion 

movement in a forward dynamic optimization approach that optimizes the handle-path shape 

and muscle activity patterns for maximum net propulsion power. 
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Methods 
Musculoskeletal model 

The dynamic musculoskeletal model was developed in the OpenSim [44] platform, involving 

the anthropometry and muscle force-generating properties of a 50th percentile adult male 

based on the work by Saul et al. [45]. The rigid segments of the model included the fixed thorax 

segment (no spine movement), the right upper arm, the right forearm defined by individual 

components of ulna and radius, and the hand segment. The model was not bilaterally 

symmetric and only included the right shoulder and hand segments. The shoulder was 

modelled as a 3 DOF (Degree of freedom) joint comprising of the elevation plane, the shoulder 

elevation angle (thoracohumeral angle) and the shoulder rotation angle. The elbow joint is 

defined by 1 DOF with 0° (extension) to 130° (flexion). The wrist joint is modelled with 2 DOF, 

wrist flexion and wrist deviation [46]. The hand supination had to be constrained to restrict 

the motion of the hand in the plane during the path optimization. The collective motion of the 

shoulder girdle (humerus, clavicle and scapula) determines the motion of the shoulder joint. 

Humerus and scapula are articulated by a ball and socket joint, while regressive equations 

determine the motion of the shoulder girdle, which moves only with the elevation angle. The 

model included 15 musculotendon actuators, spanning the shoulder, elbow and the wrist 

joints as shown in Figure 13.  

 

Figure 13: (a) Musculoskeletal model with right hand linked to the propulsion mechanism, with the 15 
muscle actuators, Delt1(AnteriorDeltoid), Delt2(MiddleDeltoid), Delt3(PosteriorDeltoid), 
BicLong(BicepsLong), BicShort(BicepsShort), TriLong(TricepsLong), TriLat(TricepsLateral), Bracs(Brachialis), 
FCR(FlexorCarpiRadialis),FCU(FlexorCarpiUlnaris),PecM(Pectoralis Major) and Rotator cuff 
muscles(Supraspinatus (SUPRA), subscapularis (SUBSC), infraspinatus (INFRA), teresminor (TMIN)) with the 
major DOF such as Elevation Plane, Elevation angle, Elbow flexion, Shoulder rotation, Wrist deviation and 
flexion. (b) Kinematic components of the propulsion mechanism, with major DOF such as crank angle (), 
effective crank length (CL), tilt angle (β) and handle angle (). 
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A Hill type muscle model, defined by Thelen [47] was used in this study, including both active 

and passive muscle force generation characteristics based on the muscle force–velocity and 

force–length relationships. The lumped muscle model included the 4 parameters (optimal 

fibre length, maximum isometric force, tendon slack length and pennation angle) used to 

represent the generic properties of musculotendon units [48]. Elastic and damping joint 

torques were applied to the model to enforce the joint limits [49]. The novel handle based 

propulsion (HBP) mechanism is located in the parasagittal plane that contains the shoulder 

joint, with the crank centre coordinate CXY fixed in the global frame (global frame origin at the 

sternum of the upper extremity model). Cx is the mid-point between the seat reference point 

(SRP) of the wheelchair and knee joint position of the model, considering the model is in a 

seated position on the wheelchair. CY is the vertical height from the SRP to the forearm of the 

model with elbow joint being flexed at 90°. The propulsion mechanism consists of the crank 

that rotates around the origin C and a sliding segment which moves with respect to the crank 

and can change the effective crank length (CL) during rotation. The handle is linked to the 

sliding segment by a pin joint (H). The propulsion mechanism has 4 variables, the crank angle 

(), the effective crank length (CL), the tilt angle (b) and handle angle (). During propulsion 

the movement is defined by 2 DOF (crank angle and handle angle). The crank rotates in 

clockwise direction as depicted in Figure 13b. The crank’s effective length can have values 

between 0.030m and 0.155m. To connect the arm and the propulsion system, the hand and 

the handle segments are rigidly welded. 

 

Optimization 

Dynamic optimization and forward dynamic simulation were performed using OpenSim 3.2. 

For the optimization the Interior point optimization algorithm (IPOPT) on an Intel® Xeon® 

CPUE5-1650 with 6 cores and clock speed of 3.50 GHz, on a 64-bit operating system was used. 

The dynamic optimization routine followed is a “fully forward” approach [50]. The neural 

muscle excitations u(t), and the shape parameters of the path (A, B, n, and β) (Equation (1 and 

(2) act as the control signals. The optimal solutions of these controls are found using dynamic 

optimization, in combination with solving the muscle dynamics and multibody system 

dynamics by integration at each iteration. A variable step size Runge–Kutta–Merson integrator 

[51] was used in this study. 
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Optimization criterion 

Instantaneous power is obtained as the product of instantaneous torque around the crank 

times the crank speed at each point of the optimization, the average over one propulsion cycle 

gives the net propulsion power (Watts). The cost function is designed to maximize the net 

propulsion power over one complete propulsion cycle at each iteration, with added penalties 

to limit the joint motion within the physiological human limits as defined in the model and to 

the parasagittal plane defined by the wheels.  

 

Optimization parameters 

For muscle excitation optimization, 10 control points at equal time intervals over a full crank 

rotation i.e., between the initial time (t0) and the final time (tf) were selected for each muscle. 

At each control point the neural excitation u(t), was optimized with values ranging between 0 

for least excited muscle state to 1 for maximum excited state. A cubic spline function was used 

to interpolate the control nodes as cubic functions reduced the oscillations between the data 

points, and produce smoother interpolated data set when compared to other polynomial 

interpolators. For handle shape optimization, the path of the handle was parameterized as a 

function of the crank angle () as represented in the parametric Equation ((1 and (2). The 

equations helps to prevent concave regions in the path, and also facilitates the generation of 

varied shapes for optimization [52]. 

𝑃𝑋(𝜃) = 𝑨 COS(𝜃) (1) 

𝑃𝑌(𝜃) = 𝑩 SIN(𝜃)  SIN (0.5 𝜃)𝒏  𝑃(𝑋1𝑌1) = 𝑅𝑧(𝜷) 𝑃𝑋𝑌(𝜃) 
(2) 

Four optimization variables (A, B, n, and β) define the shape of the path. The scaling factors 

denoted by A and B were constrained by the limits of the crank effective length CL. The shape 

factor n can have values ranging from 0 to 1. The final variable β (Equation (22) defines the tilt 

angle of the path PXY() in clockwise direction with respect to the origin C. Rz indicates the 

rotation matrix to rotate the path in the x–y plane. In total 154 optimization variables were 

used: 150 variables for muscle excitation, 4 variables from the parametric Equations (1 and 2). 

PX and PY represent the x and y Cartesian coordinates of the shape (PXY).  

During each forward simulation the motion of the HBP was realized by converting the 

Cartesian coordinates of the optimized path PX1Y1(), (Equation (2) to polar form and then 
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prescribing the effective crank length (CL) as a function of crank angle (). In OpenSim, the 

prescribed motion of the slider joint is generated by inputting a linearly interpolated function 

of above parameters at each iteration of the optimization. 

 

Test setup 

The initial variables for the optimization were randomly generated for both shape and muscle 

excitation parameters, and were optimized to maximize the cost function for each crank cycle. 

For the muscle parameters, the initial excitation (control signal) and the activation values at 

time (t0) were set as 0.050, and 3 complete cycles were simulated to reach a steady state. 

After the third cycle, a constraint was enabled to set the muscle excitation values at time (t0) 

equal to the excitation values at time (tf), thereby creating a periodic muscle activity pattern 

for hand propulsion. In addition, a terminal constraint was applied such that at time (tf) the 

crank angle is 360°. In this study the angular velocity (x) of the crank was set as constant 

(50rpm) to emulate an isokinetic ergometer. The set constant 50rpm speed, is the value 

required for over ground propulsion for daily living [6]. Crank speed in handcycling around 

50rpm lead to increased mechanical efficiency [20]. Further increasing velocity of propulsion 

can lead to reduced efficiency, increased joint accelerations and torque, and consequently 

lead to injuries [8]. Certainly, normal wheelchair propulsion has acceleration and deceleration 

phases and not only steady state speed as assumed in this optimization study. But here the 

chosen steady state speed is higher than the normal self-selected cadence, which is between 

25 and 35rpm [40], and the authors believe that the selected 50rpm steady state speed may 

lead to joint parameters equivalent to the short acceleration and deceleration phases 

experienced by users during propulsion at lower cadences. The dynamic optimization 

simulations were performed using the OpenSim-C++ API by accessing the OpenSim and 

Simbody libraries. The obtained simulation states files were further analyzed (e.g. muscle 

work and the normalized muscle force–length and force–velocity values) and processed in the 

OpenSim GUI and MS Excel. 
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Results 
The dynamic optimization of the control variables at constant angular velocity of 50rpm 

resulted in a shape as shown in Figure 14, with a circularity ratio (i.e. function of perimeter 

and area of the shape, a circle has a circularity of 1) of 0.951 and the optimized shape 

parameters A=0.151 m, B=0.152m and n=0.700.  

 
Figure 14: Dynamically optimized propulsion path with the centre C for HBP in the parasagittal plane defined 
by the wheels. 

The propulsion path is tilted in clockwise direction (β=15.950°) with respect to the ground 

frame. The optimization for the HBP resulted in a net propulsion power of 34.650W at 50rpm. 

The optimized muscle excitation patterns from the simulation are shown in Figure 15.  

During push (zones 2, 3) mainly Delt1, Trilong, PecM, Infraspinatus, Teres Minor showed 

excitation, whereas during pull (zones 1, 4) mainly the muscles Delt3, BicShort, Biclong, 

Subscapularis were excited. Delt2 and Supraspinatus were active during parts of both, pull and 

push phases. Calculation of the net muscle work (in Joules) produced by the muscles during 

the four zones of propulsion (Figure 16) shows that Delt1, Delt3, PecM, Infraspinatus, Biclong, 

Bicshort, Brachialis, Trilong and Trilat contributed most to the net positive work during 

propulsion. The highest amount of positive work, 0.680 Joules, is produced by Delt1. 

Considerable amount of negative work was observed by Delt1 and BicLong in the regions of 

eccentric motion.  
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Figure 15: Optimized muscle activity patterns (only muscles for which a comparison to push rim propulsion is 
available), with the dark solid lines (muscle activations) and the dotted lines (muscle excitations) over one 
full propulsion cycle. The shaded regions indicate the phases in which the respective muscles were active 
during push-rim propulsion [53]. The shaded bars below the diagrams show the propulsion zones. 
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Figure 16: Net work done by the upper limb muscles (in Joules) during the four zones of propulsion with the 
optimized handle path. 

A comparison of the joint ranges of motion during standard push-rim propulsion and 

propulsion with the optimized shape shows that for the optimized shape, all joint ranges stay 

within their ergonomic regions, whereas during push-rim propulsion shoulder rotation and 

wrist deviation move outside the ergonomic ranges (Figure 17). 

 
Figure 17: Comparison of the joint ranges of motion (ROM) of the upper extremity between push-rim 
propulsion and the HBP (handle-based propulsion) technique [38, 49]. Shoulder rotation Int/Ext(+/-).Wrist 
deviation Ulna/Radial(+/-) and wrist flexion Ext/Flex(-/+). The physiological range represents the anatomical 
joint range. The figures on the right side indicate the joint motion during HBP. 

Due to the fact that the joint motions from optimization were well within the ergonomic 

ranges and not at extreme limits, the effect of the coordinate restraining torques were not 

analysed explicitly as it will be minimal. Figure 18 shows that all four muscles spanning the 

elbow joint were working close to their optimal fiber lengths, where they can generate highest 
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active muscle forces, and with negative fiber velocity (contraction), meaning that they can 

generate positive muscle power, in the regions with activity above 20% (grey shaded regions). 

 
Figure 18: Normalized fiber length and normalized fiber shortening velocity of the muscles spanning the 
elbow joint during one full crank rotation. The dotted lines represent the optimal fiber length (Lopt). In the 
normalized fiber velocity graph the muscle contraction is negative and muscle lengthening is positive. The 
maximum shortening velocity of each muscle was assumed to be 10 optimal fiber lengths per second 
(Vmax=10 Lopt s-1). The dark shaded areas in the graphs represent the regions with more that 20 percent of 
muscle activation. 

In addition, Figure 19 shows a comparison of the peak muscle forces during propulsion with 

HBP and push-rim at self-selected speeds (35 ± 8rpm). Both propulsion modes produced near 

equal peak muscle forces, especially for the deltoid and the elbow muscle groups. Even though 

the comparison was performed to a lower cadence propulsion, the Infra and Tmin generated 

higher peak force when compared to HBP. 

 
Figure 19: Peak muscle forces obtained from the computational simulation of HBP compared to dynamic 
optimization results for push rim propulsion [38]. 
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Discussion  
This study opens up for a new wheelchair propulsion movement, which is optimized for the 

musculoskeletal architecture of the upper extremity. The optimization at the chosen angular 

velocity of 50rpm, resulted in a unique propulsion pattern for the HBP, having a circularity 

shape factor less than 1. This resembles the hand stroke pattern generated during wheelchair 

racing [54] and a semi-circular pattern observed in the classic wheelchair stroke [36]. This 

pattern for the HBP is continuous, cyclic and improves hand contact during full propulsion 

cycle in contrary to push-rim propulsion. In addition, this dynamic movement pattern with 

alternate activation of agonist and antagonist muscles, increases dynamic muscle activity, 

which may increase blood circulation and help to postpone local muscle fatigue of the upper 

limb. Furthermore, the net propulsion power of 34.65W generated from the HBP optimization 

supports the hypothesis that the HBP can produce sufficient power to propel a conventional 

wheelchair for daily life activities. This remains in agreement with previous studies that have 

indicated that a minimum of 30W is required for a person to propel on a 3°–6° inclined slope, 

which demands higher muscular effort [55]. A comparison of the joint ranges of motion (ROM) 

between the stages of hand-rim propulsion [38, 49] and HBP, clearly indicates that the HBP 

mechanism leads to motions which are in the ergonomic ranges for all joints, thus avoiding 

over-exertion of joints during the propulsion movement. In HBP, during the onset of the 

propulsion motion (pull phase) the shoulder is extended, abducted and externally rotated by 

the activation of muscles such as delt3, delt2, infraspinatus and supraspinatus. This motion 

subsequently leads to the push phase where the shoulder is flexed, adducted and internally 

rotated. The pattern of shoulder rotation is different to that observed in push-rim. The 

subscapularis in HBP has lower duration of activation when compared to push-rim and also 

facilitates greater contribution of the external rotators such as infraspinatus and teres minor, 

which may prevent the muscle imbalances leading to sub acromial impingement [53]. Major 

joint excursions during wrist movements, which may cause CTS (Carpal Tunnel Syndrome) 

[56], are considerably reduced in HBP. The groups of muscles activated in pull and push zones 

were similar to wheelchair propulsion [57]. The major elbow muscles, BicLong and TriLong 

exhibit large ranges of both positive and negative work during the propulsion zones in both 

HBP and push-rim propulsion [40]. In pushrim propulsion during the pull phase, BicLong – 

positive work and TriLong – negative work are observed and vice versa in push phase with 

BicLong absorbing force from the push-rim. In HBP, similar pattern of work done by BicLong 
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and TriLong as in push-rim is noted [58]. The kinematics of the elbow joint moves from flexion 

to extension with the elbow flexor-extensor muscles shortening in regions, where the muscles 

are close to their optimal fiber length and velocity, which may result in increased muscle force 

production.  

There are a few limitations in this study, which need to be addressed. First, the results were 

obtained in a simulation study using an experimentally validated 3D musculoskeletal model of 

a 50th percentile adult male but are not yet supported with experimental data. However, 

several studies have reported that the use of dynamic optimization techniques on 3D models 

closely resembled the experimental results [38, 43, 45, 50, 59]. Second, the function of the 

trunk muscles has not been investigated in this study as the authors consider the HBP can be 

used over a larger population, not only persons with limited trunk function (SCI with higher 

lesion) but also disabled persons with intact trunk control (as e.g. leg amputees). Thirdly, the 

angular velocity of the crank was fixed to replicate an isokinetic propulsion since the constant 

velocity profile was needed to obtain a unique propulsion shape during the path optimization 

process. Assuming steady state propulsion at a low constant speed, straight forward over a 

leveled tiled surface the inertia of wheelchair and the related crank drive train dynamics were 

not explicitly modeled. As the objective function was designed to maximize the power for the 

optimal shape, the derived 34.65W at handle is sufficient to overcome the minimum resistive 

forces experienced during wheelchair propulsion for the assumed conditions [60]. Studies on 

cycling have reported that the crank inertial loads have minimum influence on the joint 

kinematics of users at a constant cadence of propulsion [43]. The effects of the rolling 

resistance and air resistance will be minimal [6] on the assumed conditions and the addition 

of minor weights to the system has no effects on the joint kinematics [61] for wheelchair 

propulsion.  

This study offers some short and long term perspectives, a thorough experimental study is 

needed on the future developed HBP mechanism to test its functionality and efficiency on 

novice and veteran wheelchair users. There is also a wide scope in the industrial sector to 

develop a new wheelchair propulsion device for the disabled users. 
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Conclusion 
This study describes the computational optimization of a novel handle based mechanism for 

wheelchair propulsion, which might be an interesting alternative to pushrim propulsion 

especially for long term wheelchair users, due to ergonomical joint angle ranges and lower 

muscle loads that might help to prevent injuries due to wheelchair propulsion. 
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4 Journal Publication II 
4.1 Summary 
Title: A preliminary muscle activity analysis: Handle based and push-rim wheelchair 

propulsion 

This work is a follow up of our simulation study [Journal Publication I] and compared the 

upper extremity muscle activations of subjects on the now physically realized HBP and PRP. 

Surface EMG data of the major upper limb muscles from healthy male subjects were recorded 

for both HBP and conventional PRP at a workload of 25W and 35W on a wheelchair-based test 

rig (Section 2.2.1). To determine the propulsion cycles, a motion capture system along with 

reflective markers placed on both propulsion units was used.  

The analysis of the peak muscle activations indicated that the increase of workload leads to 

an increase in muscle activity for both propulsion modes, which is consistent with other 

studies from literature.  

The results showed, highly mismatched peak activities of agonist and antagonist muscles of 

the elbow region in PRP, whereas in HBP the muscles had more balanced durations. This 

means that the use of HBP may improve the load distribution of agonists and antagonists, 

which can help to postpone local muscle fatigue in the arms due to better blood circulation. 

Furthermore, the activity of the pectoralis in HBP was lower than in PRP which may help to 

prevent injuries. 

The study suggests that the HBP may be a suitable alternative to the push-rim, especially for 

users with shoulder injuries, but at the same time it is stated that the unexperienced subjects 

may have influenced the results. 

  



  Journal Publication II 

46 
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Abstract 
Approximately ninety percent of the wheelchair users worldwide prefer the conventional push 

rim mode of propulsion for daily mobility and rehabilitation. Even though push-rim 

wheelchairs help to promote a healthy life style, the high muscular demand and the non-

continuous push motions can lead to serious upper extremity injuries. In this study, muscle 

EMG data of ten healthy subjects were recorded for a newly introduced handle based 

propulsion mechanism (HBP) and compared to conventional push-rim propulsion at two 

workloads, 25W and 35W respectively. The results for the mean peak muscle activations at 

both workloads demonstrate that push-rim propulsion leads to higher peak muscle activity 

compared to HBP at a similar wheelchair forward velocity of 1.11m/s. The generation of these 

high peak muscle activations with increasing loads in push-rim propulsion over time can lead 

to overuse injuries. Overall, the use of the HBP mechanism is less straining to the muscles and 

may reduce fatigue during prolonged propulsion. 

 

Keywords - Wheelchair propulsion, Handle based propulsion, Muscle activity 
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Introduction 
Wheelchairs are commonly used as a mode of ambulation and rehabilitation for persons 

suffering from injuries such as spinal cord injury (SCI) [2, 6, 56]. Studies on muscle activity 

during wheelchair propulsion with various styles have shown that there is a high muscular 

demand on a few specific muscles involved in wheelchair propulsion mainly due to low contact 

durations with the push-rim [62], and the muscles used during the push phase become 

stronger over the course of time while the muscles used in the recovery phase remain at the 

same strength. These muscular imbalances can lead to fatigue and overuse injuries in the long 

term [63]. Studies on hand cycling (tricycle wheelchair arm crank propulsion) have shown that 

the continuous propulsion pattern used in this technique is less straining to the muscles and 

also facilitates to distribute the propulsion load to greater number of muscles [6, 9, 37]. Even 

though hand cycling is more biomechanically efficient and less physically straining, majority of 

the users prefer the pushrim over hand cycling as it is more easy to maneuver in small indoor 

spaces while hand cycles are better suited for outdoor activities due to their large frame size 

and difficultly in steering [56]. Using the above concepts, an alternative form of wheelchair 

propulsion mechanism was introduced in our simulation study and the results were promising 

as the new hand propulsion pattern followed ergonomic ranges of joint motion thus limited 

the chances of injuries when compared to push-rim [64].  

As a follow up of our simulation study, this study aims to compare the upper extremity muscle 

activations of subjects on the physically realised Handle Based Propulsion (HBP) and push-rim 

propulsion drive at two different workloads. 

 

Methods 
Participants 

Ten able-bodied, nonskilled male subjects (mean±SD; 27±5yrs, 1.81±0.06m, 88±12kg) were 

recruited for this study. All subjects were right handed and had no known history of joint 

injuries or movement limitations. All the subjects provided voluntary informed consent for the 

experimental trials, which was approved by the Institutional Review Board. 

 

Experimental setup 

A standard lightweight manual wheelchair was used for the study. The dimensions of this 

wheelchair are 0.420m seat depth, altered backrest height of 0.220m and a seat width of 
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0.500m. The size of the wheel was changed based on the test setup: for the HBP test a reduced 

wheel size of 20in. was used and for the normal push-rim test, an instrumented SMARTWheel 

with standard wheel dimensions of 24 inches was used [27]. The wheel with smaller diameter 

was used for HBP to avoid collision of the rotating crank or hand with the wheel. Future 

designs of HBP mechanism may solve this problem. In order to maintain a constant propulsion 

power output and constant linear velocity of the wheels during propulsion a custom-made 

test rig, controlled by a LabVIEW (National Instruments Corp., Austin TX) program was built 

and attached to a standard wheelchair (Figure 20). The test rig includes a controlled motor 

linked to a flywheel. During propulsion, the instantaneous angular velocity of the wheels was 

recorded and the corresponding instantaneous torque was calculated. In order to maintain a 

steady state of constant power, the magnitude of this torque was applied as a resistive torque 

by the motor linked to the wheels through timing belts [26].  

 

 
Figure 20: Standard push-rim wheelchair attached to controllable custom made test rig (left) and handle 
based propulsion mechanism (right). 

Figure 20The handle based propulsion unit was attached to the wheelchair in the parasagittal 

plane of the wheels and consists of a crank centre, attached to a sliding guide on which a 

handle was mounted as shown in (Figure 20). The optimized propulsion shape with a shape 

factor of 0.95 was engraved into the shape plate. During propulsion, the crank changes its 

effective length forced by the sliding guide capable of moving back and forth in the shape 

plate, resulting in the novel propulsion movement for the HBP mechanism. The gear ratio of 

the HBP mechanism to the wheel is set as 2:1. The lower gear ratio was set for the HBP 

mechanism because the gear ratio of 1:1 will need greater exertion of force to the handle 
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while the hand velocity and the muscle contraction drop and this may lead to fatigue [6]. Also 

increasing the gear ratio may decrease the mechanical efficiency of the propulsion [65]. In 

addition, an adjustable mounting frame allows to set the position of the crank centre in the 

parasagittal plane. The centre was set for all subjects based on the protocol followed in our 

optimization study, thus ensuring all the subjects have similar arm kinematics during 

propulsion. A timing belt transfers the propulsion torque from the HBP to the wheels. 

In this study, propulsion was unilateral. Even though the wheelchair attached to the test rig 

had wheels on both sides, only the right arm was used to propel in both propulsion modes, 

assuming symmetry of propulsion as the subjects were without any secondary injury or pain 

[66], naturally unilateral propulsion will be more demanding on the muscles when compared 

to bilateral propulsion where the propulsion work will be shared by both limbs. Hence the 

muscle activities observed in this study will be higher compared to values collected from 

bilateral propulsion. As the subjects in this study had very good trunk control and stability we 

assume that muscle activity of the shoulder muscles is not significantly influenced by the 

unilateral propulsion [6].  

Muscle activations were recorded using DELSYS Trigno wireless surface electromyography 

(sEMG) electrodes. An 8-camera motion capture system (Motion Analysis Corporation) along 

with reflective markers placed on the propulsion units of HBP and SMARTWheel at 120Hz were 

used to manually determine the propulsion cycles. Further details of upper limb joint 

kinematics are not described in this paper. 

 

Experiments 

Prior to the experimental trials, the subjects were instructed about the propulsion modes 

(push-rim and HBP) and the testing protocols. Then the subjects were allowed to familiarize 

with both HBP and push-rim by propelling each of them for 5min without any resistance 

provided by the test rig and further 5 min were given to the subjects to test the drives on each 

propulsion load with varying resistances provided by the test rig. For the tests with both the 

HBP and the push-rim, 2 workloads of 25W (Watts) and 35W at a wheelchair linear velocity of 

1.1m/s were set using the test rig. A visual interactive feedback was provided to the users to 

visually monitor the wheelchair speed and propulsion power and aid the users to reach the 

target propulsion power and speed for the tests. The subjects performed the experiments at 

2 workloads for each of the propulsion systems in a randomized manner in order to minimize 
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effects of training or fatigue on the results. Muscle activations of Anterior deltoid, Posterior 

deltoid, Pectoralis major, Biceps brachii and Triceps brachii were monitored. Further details 

on data acquisition and processing can be found in Appendix A.  

A performance index (PI), was used to identify the change in the muscle recruitment between 

the workloads 25W and 35 W, and the calculated values were compared between the two 

modes of propulsion. Equation (3, represents the formula used to calculate the PI value in 

percentage for each individual muscle (ranging from -100 to +100) [67] with EGpeak 

representing the mean peak EMG values from 3 individual propulsion cycles from each subject 

at each of the workloads. 

 

PI =  EG𝑃𝑒𝑎𝑘35𝑊  – EG𝑃𝑒𝑎𝑘25𝑊EG𝑃𝑒𝑎𝑘35𝑊 + EG𝑃𝑒𝑎𝑘25𝑊   × 100 (3) 

The statistical analysis includes the determination of mean and standard deviation of the 

EMGpeak values for all the individuals across both workloads for each propulsion type. A two-

way (propulsion-groups  workloads) analysis of variance (ANOVA) along with Bonferroni 

post-hoc correction was applied for the EMGpeak for both groups across the two workloads. In 

addition, a T-test was performed to find any significant differences between the PI values of 

the muscles in the two propulsion modes. 

 

Results 
From the study, the mean peak muscle activities of the subjects were calculated for both 

propulsion modes. A general trend of increase in the peak muscle magnitude was observed 

across the workloads (Table 1).  

Table 1: Normalized EMG peak magnitude and performance Index (PI) across the two workloads for both 
propulsion modes (mean ± SD). 
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The highest EMGpeak was exhibited by the Pectoralis major muscles (82.60±10.11%) while 

propelling the push-rim wheelchair at 35W power. A significant difference in EMGpeak 

(p<0.050) was observed between all the muscles when compared between the HBP and push 

rim groups at 25W and 35W respectively. Push rim propulsion produced higher EMGpeak values 

at both workloads for Anterior deltoid, Posterior deltoid, Pectoralis major and Triceps brachii 

muscles, while Biceps brachii was the only notable muscle group with higher activity during 

the propulsion with HBP. No significant differences were found between the average PI of 

muscles when compared with HBP and push rim. A two percent increase in muscle 

recruitment was observed by the Anterior deltoid muscle in push rim when compared to HBP, 

due to increase in workloads. Conversely, Triceps brachii exhibited a greater PI value when 

propelling the HBP.  

 

Figure 21: Mean muscle activation intervals for the two propulsion modes at 25W and 35W workloads 
respectively 

Figure 21 shows the muscle’s activity intervals over a whole propulsion cycle for both HBP and 

push-rim propulsion. For both propulsion modes, muscles were active over the whole 

propulsion cycle, however the activation patterns were different. In HBP, the Biceps brachii 

muscle group is active over a much longer interval than in push-rim propulsion. The length of 

the activity intervals increases with increasing workload for both propulsion modes, with 

notable differences in the Triceps brachii and Biceps brachii muscle groups. In addition, with 

the increase in workload the onset of muscle activity is earlier in the propulsion cycle (Anterior 

deltoid, Posterior deltoid, Pectoralis major, and Biceps brachii). When comparing the onset 

and offset values of experienced push-rim users from literature to the values observed in our 

study, the anterior deltoid in our study showed a similar pattern as in literature but with a late 

offset after 20% of the propulsion cycle and an early onset in the later phase of the propulsion 

cycle for both workloads [53], while the deltoid posterior showed a reduced duration of 
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activity at 25W compared to 35W. The onset of the pectoralis major was a bit late at 25W, 

while activity duration was shorter at 35W when compared to literature [53]. The activity of 

biceps was similar to literature while the triceps had an earlier onset in both propulsion modes. 

 

Discussion 
Experiments on wheelchair propulsion with healthy subjects using an optimized handle based 

propulsion unit and standard push rim at two different workloads were performed, and the 

data were analyzed to compare muscle activations.  

Analysis of the peak muscle activations indicates that the increase of workload leads to an 

increase in muscle activity for both propulsion modes, and is consistent with previous studies 

[68]. The peak EMG values in push-rim propulsion indicate that for both workloads 25W and 

35W, Anterior deltoid, Pectoralis major and Triceps Brachii were maximally recruited during 

the push phase of propulsion and Posterior deltoid for the recovery phase in this study. 

Whereas in HBP, all muscles contributed evenly to the propulsion. Positive values of the 

performance index PI gave an understanding of the percent of muscle fibers recruited with 

increasing workloads. As expected, in push-rim propulsion, the peak activities of agonist and 

antagonist muscles of the elbow region were highly mismatched, i.e., muscle groups of Triceps 

brachii had greater activity (see Table 1) and duration (63%(25W) and 74%(35W)) than Biceps 

brachii (8%(25W) and 25%(35W)) during the propulsion stages. In HBP, on the contrary, the 

muscles had more balanced durations with Biceps brachii (50%(25W) and 48%(35W)) and 

Triceps brachii (31%(25W) and 52%(35W)). This suggests that the use of HBP can improve the 

load distribution on agonist and antagonist muscle groups of the elbow joint. The activity of 

these muscle groups can improve blood circulation and help to postpone the local muscle 

fatigue in the arms [19, 63]. In addition, the over-exertion of the prime movers, especially 

Pectoralis major along with other rotator cuff muscles (not described in this study), in push-

rim propulsion can lead to reduced muscle endurance which directly decreases the humeral 

head depression forces, which can lead to shoulder impingements [14]. Pectoralis activity in 

HBP is lower when compared to push-rim propulsion, this may help to prevent injuries.  

There are a few limitation that need to be addressed. Firstly, all the subjects tested were non-

wheelchair users, results of muscle activity may differ for prolonged wheelchair users who 

have already adapted to the push rim propulsion movement, but studies comparing 

experienced to novice push-rim users have shown that there is no significant difference in the 
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movement pattern across the two groups [69] and the abled bodied subjects in our study 

performed homogenous exercise at both propulsion modes as they had no restriction due to 

disability and they were equally inexperienced on both modes of propulsion. Secondly, the 

users were allowed to propel the push rim at self-selected styles, this can have an influence 

on the propulsion cycles, the muscle activity and the efficiency. Thirdly, quantification of 

muscle activity from surface EMG signals is problematic when movement is involved and 

motion artefacts and other electromagnetic noises may influence the signal levels. We tried 

to minimize disturbances by the applied signal processing and filtering routines, still artefacts 

may have small impact on the derived maximum muscle activations (Table 1). 

This preliminary study of muscle activity on both propulsion modes suggests that HBP might 

be a suitable alternative to the push-rim, especially for prolonged wheelchair users who are 

suffering from joint injuries. The HBP mechanism can also be used for indoor rehabilitation 

purposes by long term wheelchair users, who are not physically active to use hand cycles and 

lack proper trunk control due to SCI. The HBP can help to improve their overall muscle 

strength, muscle imbalances and decrease their risk for overuse injuries. 
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5 Journal Publication III 
5.1 Summary 
Title: In Vivo Biomechanical Assessment of a Novel Handle-Based Wheelchair Drive 

In this study hand contact forces, upper-extremity joint excursions and joint torques 

generated by the novel HBP device were measured on paraplegics and non-disabled controls 

and compared to results for PRP reported in literature. Therefore, movement patterns of the 

shoulder and wrist joints were investigated to determine whether high loads occurred at the 

extreme positions of the joints. The measurements were conducted on a wheelchair-based 

test rig at two different workloads (25 W and 35 W) and focused mainly on the kinematics and 

kinetics of the shoulder and wrist joints because these are the joints most often affected by 

propulsion-related injuries.  

Compared to PRP the effectiveness of the propulsion forces was higher in HBP which led to 

lower average propulsion forces and 20% reduced average peak forces.  

In addition, joint excursions in HBP are within their recommended ergonomic ranges, resulting 

in a reduced range of motion of up to 30% at the shoulder and up to 80% at the wrist. 

Furthermore, lower net torques at both the shoulder and wrist were found highlighting the 

potential of this novel propulsion system to reduce the risk of upper-extremity injuries.  

  



  Journal Publication III 

55 

5.2 Publication 

 
In Vivo Biomechanical Assessment of a Novel  

Handle-Based Wheelchair Drive 
Markus Puchingera, Pia Stefaneka, Karin Gstaltnerb, Marcus G. Pandyc and Margit Gföhlera 

aResearch Division of Biomechanics and Rehabilitation Engineering, Department of Engineering Design 
and Product Development, Technische Universität Wien (TU Wien), 1060 Vienna, Austria; 
bAUVA Rehabilitation Centre Meidling, 1120 Vienna, Austria; 
cDepartment of Mechanical Engineering, University of Melbourne, Parkville, VIC 3010, Australia. 

 

 

Abstract 
Push-rim wheelchair propulsion frequently causes severe upper limb injuries in people relying 

on the wheelchair for ambulation. To address this problem, we developed a novel handle-

based wheelchair propulsion method that follows a cyclic motion within ergonomic joint 

ranges of motion. The aim of this study was to measure hand propulsion forces, joint 

excursions and net joint torques for this novel propulsion device and to compare its 

performance against traditional push-rim wheelchair propulsion. We hypothesized that under 

similar conditions, joint excursions of this novel handle-based device will remain within their 

ergonomic range and that the effectiveness of the propulsion forces will be higher, leading to 

lower average propulsion forces compared to push-rim propulsion and reducing the risk of 

injury. Eight paraplegic subjects propelled the new device at two different loads on a custom-

made wheelchair-based test rig. Video motion capture and force sensors were used to 

monitor shoulder and wrist joint kinematics and kinetics. Shoulder and wrist loads were 

calculated using a modified upper-extremity Wheelchair Propulsion Model available in 

OpenSim. The results show that with this novel propulsion device joint excursions are within 

their recommended ergonomic ranges, resulting in a reduced range of motion of up to 30% at 

the shoulder and up to 80% at the wrist, while average resultant peak forces were reduced by 

up to 20% compared to push-rim propulsion. Furthermore, the lower net torques at both the 

shoulder and wrist demonstrate the potential of this novel propulsion system to reduce the 

risk of upper-extremity injuries. 

 

Index Terms - ergonomics, handle, propulsion, shoulder, upper-limb, wheelchair, wrist. 
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Introduction 
The wheelchair is an important aid for the mobility of physically disabled and injured persons, 

and the push-rim is the preferred mode of propulsion for a large percentage of wheelchair 

users even though it is associated with the least efficient pattern of propulsion  [2]. Extensive 

research has been performed to understand the biomechanical and physiological factors of 

wheelchair propulsion [6]. 

The ergonomics literature indicates that push-rim propulsion (PRP) can lead to severe upper-

limb injuries mainly at the shoulder and wrist joints, caused by the discontinuous, highly 

repetitive and complex upper-limb movements, which  reportedly occur during PRP [8–10]. 

Furthermore, high loads at joint excursions exceeding 20°-45° from the neutral position should 

be avoided for shoulder movements, and even lower joint excursions (18°-30° from the 

neutral position) are reported to be detrimental at the wrist [70]. Limited information is 

available on joint angle ranges and joint loads during conventional PRP. Veeger et al. [71] 

measured a mean propulsion force of 30.0N 7.1N and a peak propulsion force of 

69.4N 26.1 N for 20W constant PRP at 1.39m/s linear velocity on a wheelchair dynamometer. 

Koontz et al. [72] simulated wheelchair propulsion over a level, smooth floor at two different 

speeds – 0.9m/s and 1.8m/s – and reported mean resultant peak propulsion forces of 

58.9N 11.6N at 0.9m/s and 94.3N 26.4N at 1.8m/s. Large variations in upper-limb joint 

torques are also reported for PRP. Koontz et al. [72] analysed kinetics in 27 paraplegic subjects 

during PRP propulsion on a tile surface at a speed of 0.9m/s and found a peak shoulder 

abduction/adduction torque of 21.3Nm and shoulder rotation peak torques of 21.6Nm. 

Collinger et al. [73] and Gil-Agudo et al. [74] performed measurements under similar 

conditions and reported peak torques of  7.1Nm/15.3Nm (Collinger et al. / Gil-Agudo et al. ) 

and 5.8Nm/3.5Nm for shoulder ab-/adduction and shoulder rotation, respectively. Different 

methods used in these studies to compute joint torques may have contributed to the large 

variations in the kinetic results. Koontz et al. [35] applied a local coordinate system approach 

whereas Collinger et al. [73] and Gil-Agudo et al. [74] used custom inverse dynamics models. 

In addition, PRP patterns are characterized by large variations between subjects and the 

results are altered by propulsion cadence [7]. 

Upper-extremity pain and injury represent a major problem for wheelchair dependent 

persons as use of the arms is essential for independent mobility and participation in the 

community. Alternative modes for wheelchair propulsion, such as lever-propelled, hub-crank 
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and arm-crank devices, use a continuous cyclic movement for propulsion, which offers higher 

efficiency compared to conventional PRP [2, 9]. 

The straightforward upper-arm movement during lever-propulsion involves a much larger 

muscle mass, offers longer push phases and leads to lower strain compared to PRP [75]. 

Disadvantages are limited top speed of propulsion related to the frequency of the push and 

recovery phases combined with the absence of pausing between the pushing and pulling 

phases [75, 76]. The hub-crank mechanism uses cranks that are directly mounted on the hubs 

of the rear wheels and so allow a continuous motion of the hands. Gross mechanical efficiency 

(GME) is higher than in PRP, but the position of the hands combined with difficulties in steering 

and braking make this device impractical [2]. Arm-cranking devices use a continuous cyclic 

motion for propulsion [2, 9].  The most familiar example of arm-cranking devices is the hand 

bike, which is a tricycle with the front wheel driven by hand cranks. Handcycling devices are 

bulky and used mainly outdoors, making them unsuitable for daily living [23, 24]. However, 

the propulsion form is quite efficient, as propulsion forces are continuously applied over the 

full cycle, thus resulting in higher efficiency and lower peak forces at the hand and lower loads 

transmitted to the joints compared to lever propulsion and PRP methods [9, 10, 37]. 

Arnet et al. [10] compared propulsion forces and net shoulder torques during handcycling and 

PRP at different inclines. The results showed significantly lower mean and peak propulsion 

forces and lower peak net shoulder torques during handcycling at all inclines. 

A major drawback of all currently available alternative propulsion systems is that they can 

hinder activities of daily living (ADL), as they are usually bulky, heavy and less manoeuvrable. 

This can be problematic for essential daily activities, such as transfers, backwheel balancing 

(wheelies) to overcome steps (kerbs), moving the chair over a variety of surfaces or sitting at 

a table [2, 13, 23, 24, 37]. 

To overcome the limitations of PRP, we applied a similar optimization approach to the one 

described by Rasmussen et al. [77] for pedalling. We developed a novel handle-based 

wheelchair propulsion (HP) device with an ergonomically optimized propulsion shape that 

offers a continuous cyclic motion at ergonomic joint ranges and is suitable for ADL [64]. The 

mechanism does not affect the physical width of the wheelchair and was proven to decrease 

joint excursions and maximum joint torques developed at the wrist [78].  

The aim of the present study was to determine the mean and peak propulsion forces, upper-

limb joint excursions and net joint torques generated by this novel HP device on an 
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instrumented wheelchair-based test rig. Measurement results from paraplegic subjects 

propelling the HP device at different loads were compared with PRP data available in the 

literature. The measurements focussed mainly on the kinematics and kinetics of the shoulder 

and wrist joints because these are the joints most often affected by propulsion-related injuries 

[10]. We hypothesized that under similar conditions, HP joint excursions will remain within 

their ergonomic range and that the effectiveness of the propulsion forces will be higher, 

leading to lower average propulsion forces compared to PRP. Furthermore, we expected to 

find lower peak propulsion forces for the HP device due to force application over the full cycle. 

Based on our previous results [78], we also expected lower net shoulder and wrist torques 

during HP.  

 

Methods 
Experimental Setup  

All experiments were performed on a wheelchair-based test rig that operated in constant 

power mode [26] (Figure 22). Two HP devices [78, 79] were mounted on the test rig instead 

of the armrests (Figure 23). Each HP device consisted of a rotating crank on which a handle 

was mounted. During propulsion, a sliding guide changed the length of the crank over the 

rotation, and the handle followed the optimized propulsion path. 

 
Figure 22:  Wheelchair based test rig. Subject sitting in the wheelchair-based test rig with 
attached HP devices.  
[1] handle with integrated force/torque sensor and local coordinate system, [2] resistance 
power transmission from motor-gear unit to HP devices, [3] global (fixed) coordinate system, 
[4] HP devices, [5] motor-gear unit. 
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Figure 23: Handle based propulsion (HP) device and its components. Horizontal and 
vertical position of the crank centre can be adjusted to the users body measures; 
[1] timing belt pulley (to the back wheel), [2] timing belt, [3] curve disc, [4] handle, 
[5] variating crank, [6] crank centre, [7] brackets (fit in armrest mounting). 

In accordance with Kurup et al. [78] the horizontal positon of the crank centre was set to the 

midpoint between the backrest of the wheelchair and the knee joint position of the subject. 

For the vertical position, the centre of the crank was set to the height of the elbow joint for 

upper arm vertically pointing down when seated. 

Similar to other studies [22, 80], the test rig was set to simulate linear velocity of 1.1m/s, which 

simulated the average wheelchair speed used in daily life. The gear ratio of the HP device was 

fixed at 1.2 for the duration of the experiment, which resulted in an average cadence of 

~50rpm. This cadence has been found suitable for submaximal handcycling [22]. 

A custom wireless force-measuring handle with an integrated 3-axis force/torque sensor 

(K6D40, ME Messsysteme GmbH, Germany) was used to measure propulsion forces and 

torques. The device was connected to the test rig and the measured data were recorded using 

Bluetooth. An 8 camera video motion capture system (Kestrel 2200/Cortex 7, Motion Analysis 

Corporation, USA) was used to record upper-limb kinematics from each participant. 
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Subjects  

Eight right-handed individuals with paraplegia and no history of upper-limb injury participated 

in this study. Subject characteristics are listed in Table 2. All subjects provided informed 

consent and approval for the study was obtained from the responsible federal state ethics 

committee (GS1-EK-3/149-2018). 

Table 2: Characteristics of the 8 subjects with spinal cord injury 

Subject 

(Sex) 

Age 

[yrs] 

Weight 

[kg] 

Height 

[cm] 

BMI 

[kg/m²] 
SCI Level 

1 (f) 54 62 179 19 T11-12 

2 (m) 27 80 188 23 T6-7 

3 (f) 43 75 160 29 T10-L1 

4 (f) 56 63 158 25 T12-L1 

5 (m) 52 65 175 21 T12-L2 

6 (m) 45 85 192 23 T11-L1 

7 (m) 21 62 185 18 T8-9 

8 (m) 51 93 173 31 T12-L2 

mean 

SD 

44 

12 

73 

11 

176 

12 

24 

5 
 

SD: standard deviation; SCI: spinal cord injury 
 

 

Testing Protocol and Data Collection  

The force measurement handle was installed on the right side of the wheelchair test rig and 

side-to-side symmetry was assumed during propulsion. Prior to the experimental trials each 

participant received instructions regarding the propulsion exercises and was given an 

opportunity to familiarize themselves with the equipment by propelling the wheelchair for 

2 minutes without resistance. All trials were performed at two different workloads of 25W 

and 35W and the same wheelchair velocity of 1.1m/s. Visual feedback on actual and target 

speed was provided to each participant during propulsion to ensure that a constant speed was 

maintained during each trial. Each participant performed 10 propulsion cycles at each 

workload with a two-minute rest interval between the two trials. Ten reflective markers were 

placed on the participant’s trunk and right upper limb and three additional markers were 

placed on the handle (Figure 24). Cycles were recorded only after reaching steady propulsion 

at the target speed, and acceleration and deceleration phases were not included. 
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Figure 24: Biomechanical Model. Upper extremity model with nine degrees of freedom 
showing the global (fixed) coordinate system and virtual marker placements. Markers 
were placed at the following locations: clavicle (CL1), acromion (SH1), 7th cervical 
vertebrae (BB1), biceps (BI1), lateral epicondyle (EL1) and medial epicondyle (EL2), 
forearm (FA1), radial styloid (WR1), ulnar styloid (WU1), 2nd metacarpophalangeal 
(MCP) joint (FI1), handle help (HH1), handle top (HT1) and handle bottom (HB1). 

 

Biomechanical Model  

The upper-extremity model used in this study is based on the Wheelchair Propulsion (WCP) 

Model  [81, 82] available in OpenSim [44] and was modified by adding two rotational degrees-

of-freedom (DoF) (rot1, rot2) to simulate handle movement.  The model comprised of seven 

rigid bodies (spine and rib cage, clavicle, scapula, humerus, ulna, radius and hand) whose 

positions and orientations were described by nine degrees of freedom (DoF) (Figure 24). The 

kinematic convention recommended by the International Society of Biomechanics (ISB) [45, 

83, 84] was used to describe the three rotations at the shoulder (elevation-angle, elevation-

plane, axial rotation), elbow flexion, forearm rotation and wrist deviation and flexion. Due to 

the installed HP devices on both sides and the resulting simultaneous movements of both 

arms, we expected minor thorax rotations around the x- and y-axes. Rotations of the thorax 

about the x and y axes were neglected in the model because they were less than 3° during 

experiment, whereas thorax rotations around the z-axis were included because they reached 

10° at the higher workload. 

For calculation of joint angles and torques, OpenSim 3.3 was used [44]. The simulation process 

involved the use of three tools available in OpenSim: Scaling, Inverse Kinematics and Inverse 
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Dynamics. First, the model was scaled to each participant’s anthropometry based on the 

measured marker positions when the angular position of the crank was 135°. The scaled model 

was then used to perform Inverse Kinematics to determine the generalized coordinates (joint 

angles) at each time step of the motion. Finally, Inverse Dynamics was performed using the 

reaction forces measured at the handle to compute the generalized net joint torques.  

 

Data Analysis  

Three-dimensional propulsion forces were measured at the handle bearing using the 

instrumented handle (Figure 22). All forces were expressed in the global reference frame of 

the test rig. The resultant propulsion force (Fres) was calculated as the vector norm of the 

three measured global force components (Fx, Fy, Fz) during propulsion. For each participant, 

three cycles with the highest values of 𝐹𝑟𝑒𝑠 were used to compute the mean and standard 

deviation of the resultant force (𝐹𝑟𝑒𝑠_𝑚𝑒𝑎𝑛)Fres_mean. The average resultant peak force 

(𝐹̂𝑟𝑒𝑠_𝑎𝑣𝑔F̂res_avg) was defined as the average of the highest peak values of 𝐹𝑟𝑒𝑠 Fresin all 

participants across the three cycles. Forces tangential to the handle path (𝐹𝑡𝑎𝑛) were 

calculated with respect to the crank angle (Figure 25). Mean tangential forces (𝐹𝑡𝑎𝑛_𝑚𝑒𝑎𝑛) Ftan_meanwith standard deviations were calculated from the same three cycles used to 

compute 𝐹𝑟𝑒𝑠_𝑚𝑒𝑎𝑛. The computed net joint torques 𝑇𝑖,𝑛_0 were normalized by dividing by body 

weight times body height [85, 86], thus: 

𝑇𝑖,𝑛 = 𝑇𝑖,𝑛0𝑚𝑛 ⋅ 𝑔 ⋅ ℎ𝑛 (4) 

𝑖 = 1. . .10generalized coordinate index, 𝑛 = 1. . .8 participant index 

where 𝑇𝑖,𝑛 Ti,nis the dimensionless net joint torque, 𝑚𝑛 is the participant’s body mass in kg, 𝑔 

is the gravitational constant (9.81 m/s2), and ℎ𝑛 is the participant’s body height in meters. The 

average of the dimensionless normalized joint torque (𝑇𝑖,𝑛) or each generalized coordinate 

calculated across all participants was defined as the averaged normalized joint torque (𝑇𝑖_𝑎𝑣𝑔). 

Peak torque values for every generalized coordinate and participant (𝑇̂𝑖,𝑛) were obtained by 

averaging the ten highest absolute net torque values (𝑇𝑖,𝑛_0) for the three cycles analyzed. The 

average peak torque (𝑇̂𝑖_𝑎𝑣𝑔) was defined as the average across all participants’ peak torques  

(𝑇̂𝑖,𝑛) for each generalized coordinate.  
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Shoulder joint angles and torques were also expressed in an anatomical meaningful way. 

Shoulder flexion/extension was defined between the global y-axis (Figure 24) and the 

projection of the upper arm onto the sagittal plane whereas shoulder abduction/adduction 

occurred between the global y-axis and the projection of the upper arm onto the frontal plane. 

Shoulder horizontal flexion/extension was equivalent to shoulder elevation-plane movement 

and shoulder internal/external rotation was equivalent to the axial rotation of the shoulder 

joint. Sagittal flexion, horizontal flexion, abduction, and internal rotation angles were defined 

as positive. All angles were determined with reference to a neutral anatomic position; that is, 

with the arm positioned alongside the body and the palm facing medially. 

 

Results 
Handle-based propulsion force  

Seven out of the eight participants completed all the trials. One female participant was 

excluded due to problems with balance during testing. The average of 𝐹𝑟𝑒𝑠_𝑚𝑒𝑎𝑛 across all 

subjects with respect to a full cycle was 36.9N 4.1N (mean SD) for 25W and 45.8N 5.7N 

for 35W (Figure 25, left panel). The average of the applied tangential forcesFtan_mean 𝐹𝑡𝑎𝑛_𝑚𝑒𝑎𝑛 across all participants over a complete cycle was 24.4N 5.4N at 25W and 

30.6N 6.7N at 35W. The participants’ individual peak values (>30N) of 𝐹𝑡𝑎𝑛 were applied at 

crank angle intervals from 10° to 110° and from 190° to 280° for both workloads (Figure 25, 

right panel, green highlighted zone). The average resultant peak force (𝐹̂𝑟𝑒𝑠_𝑎𝑣𝑔) was 

55.7N 11.6N at 25W and 65.4N 7.6N at 35W. 

 
Figure 25:  HP resultant and tangential forces. Left panel: Mean resultant force (𝐹𝑟𝑒𝑠_𝑚𝑒𝑎𝑛) and 
standard deviation for all subjects applied at 25W and 35W. Right panel: Mean tangential forces for 
all subjects applied at 25W constant resistance with 1.1m/s linear velocity and 50Hz cadence. 
(CC…crank centre, …crank angle, green highlighted zone 𝐹𝑡𝑎𝑛>30N) 
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Joint kinematics  

For both workloads, the range of motion, maximum joint angles and time histories of the joint 

angles of the shoulder and elbow were almost identical over the full propulsion cycle (Figure 

26 and Table 4).  

 
Figure 26:  HP upper-limb joint angles vs. crank angle. Trajectories of the mean upper-limb 
joint angles averaged across all subjects and all selected cycles over one full crank angle 
rotation and both workloads. Results shown for HP with resistance levels of 25W (solid lines) 
and 35W (dashed lines). 

The maximum shoulder elevation-plane angle (15.7°/16.0° at 25W/35W) occurred when the 

handle was in the foremost position at crank angles between 0° and 10°. The minimum 

elevation-plane angle (-73.0°/-72.9° at 25W/35W) occurred at the handle’s rearmost position 

at crank angles between 180° to 200°. Peak angles of shoulder elevation (55.8°/55.1° at 

25W/35W) occurred at a crank angle of approximately 190°, where the handle was exactly in 

the rearmost position. The lowest angles of shoulder elevation (28.1°/29.0° at 25W/35W) 

occurred near the bottom handle position at a crank angle of approximately 80°. Maximum 

internal rotation was observed shortly before reaching the rearmost position of the handle 

(135° - 170°). Peak values of external rotation occurred from -10° to 10°, where the handle 

moved around its foremost position. Elbow flexion increased continually from its lowest value 

(60.1°/60.6° at 25W/35W) at 45° crank angle to its peak value (126.1°/125.6° at 25W/35W) at 

230°, and then decreased in a similar fashion. At the wrist joint, the time histories of joint 

angles were again identical for both workloads, but the higher load at 35W led to a larger ulnar 

deviation and a slightly reduced wrist extension over the whole crank rotation. Peak values 

for ulnar deviation (4.6°/7.5° at 25W/35W) occurred when the crank reached its highest and 

lowest positions (270° and 70°, respectively) while minimum angles of ulnar deviation 

(0.0°/2.0° at 25W/35W) occurred at crank angles of 230° and 350°. Peak values of wrist 
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extension (27.0°/23.4° at 25W/35W) occurred at a crank angle of 320° while minimum wrist 

extension (15.8°/10.9° at 25W/35W) was reached at a crank angle of 230°. When the handle 

reached its foremost position (crank angle of 0°), the shoulder was maximally flexed in the 

horizontal direction, outwardly rotated, and elevated to about 35°. The wrist was extended 

and slightly deviated in the ulnar direction. With increasing crank angle, the shoulder became 

more horizontally extended, elevated, and rotated inwardly. Wrist extension was reduced 

whereas ulnar deviation increased rapidly to its maximum at about 80° crank angle and then 

decreased more slowly to its rearmost position. At the rearmost position (crank angle of 180°), 

the shoulder was maximally extended in the horizontal direction, elevated, and inwardly 

rotated. The wrist was minimally extended and in a deviation position close to neutral. As the 

crank angle increased further, the shoulder flexed in the horizontal direction, reduced in 

elevation, and was outwardly rotated. The wrist extended and ulnar deviation increased. 

 

Joint Torques  

The patterns of shoulder joint torque were similar at both workloads (Figure 27A-C), with 

higher torques measured at the higher workload as expected. The highest torques for 

horizontal flexion/extension occurred shortly before and after the peak extension angle when 

the handle was at its rearmost position. The shoulder elevation torque reached its peak 

magnitudes during the pull phase, when the handle passed the lowest position, and in the 

middle of the push phase when the handle was near its uppermost position. In the foremost 

position of the handle, where the shoulder elevation angle peaked, the elevation torque was 

relatively low. For shoulder axial rotation, peak values of joint torque occurred in both the 

push and pull phases, when the shoulder was internally rotated by approximately 20°. When 

the shoulder was near its maximum and minimum axial rotation angles, the joint torque was 

again relatively low. 

The shapes of the wrist deviation torque trajectories were similar for both workloads (Figure 

27D-E), but the curve representing HP at 35W appeared to be shifted to higher deviation 

angles. Peak torques occurred when the handle reached its foremost and rearmost positions, 

where wrist deviation was almost neutral. Wrist flexion showed a different motion pattern at 

25W and 35W, with the wrist less extended at the higher load. Peak torque values occurred 

in foremost and rearmost crank positions at the lower (25W) propulsion resistance, whereas 

at the higher resistance of 35W peak wrist torques occurred during the pull and push phases. 
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Figure 27: Joint angles/joint torques. Averaged normalized joint torque-joint angle trajectories generated 
with HP for: (A) shoulder elevation-plane, (B) shoulder elevation-angle, (C) shoulder rotation, (D) wrist 
deviation and (E) wrist flexion. The curves illustrate the mean values of all subjects and all selected cycles 
for each crank angle. HP with resistance levels of 25W (solid blue line) and 35W (dashed orange line) are 
shown. Position 1 represents a crank angle of 0 degrees while position 2 represents the point when the 
crank angle reached 180 degrees. 
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Discussion 
The aim of this study was to measure hand contact forces and upper-extremity joint 

excursions and joint torques generated by a novel HP device and to compare the results to 

literature data reported for PRP. We also investigated movement patterns of the shoulder and 

wrist joints to determine whether high loads occurred at the extreme positions of the joints. 

Compared to PRP at similar workloads, we found that joint excursions for HP remained within 

their ergonomic range and that the effectiveness of the propulsion forces was higher, leading 

to lower average propulsion forces. Thus, our hypothesis was supported. Whilst the model 

used in this study was based on the WCP Model in OpenSim, we modified its structure by 

adding two DoFs for movement of the handle. We also provided upper limb kinematic data 

and hand propulsion forces from experiments as inputs to the model [81, 82]. We found that 

the model produced torque and moment patterns that were consistent, similar, and 

repeatable across strokes, speeds and resistance levels. 

The average resultant peak forces (𝐹̂𝑟𝑒𝑠_𝑎𝑣𝑔) measured for HP were significantly lower than 

those reported by Veeger et al. [71] and Koontz et al. [72] for PRP at lower resistance (Table 

3). 

Table 3: Resultant peak forces during HP and PRP  

 
Peak  ± SD [N] 

This study in HP 25W(1.1m/s) 55.7 ± 11.6 

This study in HP 35W(1.1m/s) 65.4 ± 7.6 

PRP Koontz 2006 (smooth floor, 0.9m/s) 58.9 ± 11.6 

PRP Koontz 2006 (smooth floor, 1.89m/s) 94.3 ± 26.4 

PRP Veeger 2002 (20W, 0.83m/s) 59.3 ± 10.7 

PRP Veeger 2002 (20W, 1.39m/s) 69.4 ± 26.1 

Comparison of resultant peak hand propulsion forces (𝐹̂𝑟𝑒𝑠_𝑎𝑣𝑔) in HP and PRP 
reported in the literature [7, 8] 
Test condition is listed in parentheses if multiple conditions were tested 

Arnet et al. [10] performed a similar study and compared joint angle ranges and loads in 

handcycling with conventional PRP. Their results showed reduced contact forces and 

continuous force application in handcycling compared to PRP. The reason for this difference 

between handcycling and PRP relates to the propulsion mode. Propulsion forces can be 

applied constantly during the whole propulsion cycle in handcycling while in PRP there is 

always an idle period where no force is applied to the push rim (recovery phase). Similar to 
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the findings of Arnet et al. for handcycling, our novel HP device also offers continuous 

propulsion force application, which results in lower contact forces compared to PRP.  

Regarding the applied tangential forces with respect to the crank angle, we found that the 

highest magnitudes were applied shortly after the rearmost and foremost positions of the 

handle, indicating that our subjects favoured the push and pull phases. 

Table 4 shows comparable results for joint ranges measured during PRP and recommended 

low impact ergonomic joint excursions.  

Table 4: Maximum and minimum joint angles in degrees (°) during HP and PRP.  
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Shoulder elevation-plane movement in HP appears to be slightly shifted to increased 

horizontal extension and axial rotation to increased external rotation compared to PRP. For 

both workloads, shoulder abduction and flexion-extension ranges of motion were reduced 

while maximum values for abduction were lower than in PRP. Compared to PRP, shoulder 

extension was lower at both workloads, while shoulder flexion appeared slightly higher at 

25W and lower at 35W. Wrist movement changed from a flexion-extension pattern to a full 

extension movement, and the range of motion was much smaller for HP than for PRP. In 

comparison to the recommended ergonomic excursions reported in the literature, HP 

remained within the ergonomic ranges at the wrist, and only for horizontal flexion, abduction 

and external rotation at the shoulder. Maximum values of the shoulder angles tended to occur 

at or near a crank angle of 180°, where the handle was near its rearmost position. Highest 

range of motion values were found in the shoulder elevation-plane and shoulder rotation 

movement while lower values were observed in the elevation-angle. This finding was 

consistent for both workloads and explains firstly, that the movement pattern of the arm is 

guided by the design of the HP, unaffected by the load; and secondly, that the maximum 

shoulder joint excursions also depend on the subject’s seated position relative to the crank 

centre. All participants were evaluated in the same test wheelchair and no adjustments were 

made to emulate their current wheelchair setup. Only the horizontal and vertical position of 

the HP crank centre was modified for each subject to accommodate their body dimensions. If 

the wheelchair did not fit the subject properly (i.e., the seat was too narrow or too wide, the 

handle position was too close or too far, or the handle position was too low or too high), this 

could have resulted in a shifted and inferior shoulder range of motion than would have been 

the case had the wheelchair fitted the subject optimally. Koontz et al. [35], Boninger et al. [87] 

and Rao et al. [29] performed a shoulder kinematic analysis for PRP at a lower resistance and 

a slightly different speed. The comparison of the shoulder joint movements showed no 

marked differences in horizontal flexion/extension and lower values for both 

flexion/extension and abduction range of motion. However, shoulder rotation range of 

motion in HP was about 20° higher and shifted to a more externally rotated position, 

alternating movement around the neutral position, compared to PRP. This can be explained 

by the fact that in HP the handle always keeps the hand in front of the subject, in contrast to 

PRP, where the shoulder is rotated strongly outwards at the beginning of the push phase to 

ensure an early hand contact with the push rim, and then remains rotated until the end of the 
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push phase [35]. Wrist deviation is very small in HP with a maximum value of 7.5°, whereas 

large joint angles (12°-23.8°) and range of motion have been reported for PRP. The in literature 

in HP for wrist flexion was ~70% lower compared to PRP and ~80% lower for wrist deviation. 

Previous studies [87–89] also report alternating values between wrist flexion-extension and 

wrist radial-ulnar deviation for PRP, whereas in HP we observed only ulnar deviation close to 

neutral and wrist extension below 27°.  

As shown in Table 5, our average peak shoulder joint torques at 25W are much lower than 

those reported by Veeger et al. [71] and Koontz et al. [35] for propulsion at 20W. For both 

workloads at the wrist, our average peak torque for wrist flexion is below 2Nm and for 

deviation around 3Nm, which are 7 times lower than the results reported by Boninger et al. 

[87] for similar conditions during PRP. These findings suggest that HP may lead to a reduction 

in upper-limb injuries compared to PRP [8–10]. The normalized torque-crank angle curves at 

the shoulder joint for both workloads were similar, with only minor propulsion torque 

differences observed. This effect is seen in Figure 27, which displays normalized averaged 

torque values for seven different subjects. There were small differences between subjects in 

their propulsion patterns, which led to individuals applying peak torques at different joint 

angles. However, these peaks tended to disappear when the data were averaged across 

subjects. Average peak torque values as well as peak contact forces values (Table 3) of single 

subjects showed an increase from 25W to 35W. The wrist joint generally showed different 

torque/angle curves for both resistance levels. Regarding wrist deviation, the propulsion 

pattern was similar but the range of motion shifted to a more deviated position with increasing 

workload. This shift can be explained by the fact that at higher resistance forces the subjects 

tended to grab the handle tighter and hence keep their wrist joints stiffer. Consequently, the 

range of motion of the wrist moved to a more extended position. Both the propulsion pattern 

and range of motion for wrist flexion were altered by changing the workload. Because 

propulsion at 35W increased wrist flexion, higher push and pull forces, which led to a rotation 

of the wrist during propulsion, were likely caused by the characteristic of the HP drive. Figure 

6 shows that the highest joint torques occurred directly after and shortly before the rearmost 

grip position, where horizontal shoulder extension and internal shoulder rotation also reached 

their maximum values. As a result, the elbows were directed slightly outwards, forcing the 

wrist towards extension during propulsion in both the pull and push phases.  This fact is also 

reinforced by the lowest value of flexion in the foremost handle position (Position 2). 
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Conducting further tests at maximum load would likely force subjects into similar propulsion 

patterns and could strengthen this hypothesis. 

Table 5: Peak joint torques in HP and PRP. 

 
Average peak torques during HP calculated for 25W and 35W workloads and compared to peak torque 

values for PRP reported in the literature [35, 71, 88]. 
Test condition is listed in parentheses if multiple conditions were tested 

From an ergonomic standpoint, it is recommended to keep joint angles close to their neutral 

positions for the duration of the movement [70]. Considering the propulsion pattern and the 

torque curves for HP, our results indicate that propelling the wheelchair with this novel 

propulsion device produces a more ergonomic range of motion of the upper-limb joints 

compared to PRP.  

 

There are limitations of our study that ought to be considered when interpreting the results. 

First, the crank handle of the test wheelchair was not adjustable in the medial-lateral (z) 

direction to account for individual differences in body anthropometry, which may have 

influenced the performance (i.e., kinematics and kinetics) of the HP device. Second, the 

sample size (n=8) was relatively small. Force application during wheelchair propulsion is highly 

individualized, particularly for PRP, thus a larger number of test subjects would be required 

for greater statistical strength. However, the sample size used in the present study was limited 

by the availability of paraplegic patients who were willing and able to participate in these 

experiments. Future studies should consider performing maximum power tests at different 

power levels with a larger group of individuals to obtain a statistically significant inter-subject 

comparison of HP and PRP.  

This study in HP 25W 5.2  ± 2.1 7.2 ± 3.2 5.2 ± 2.8 2.8 ± 1.5 1.5 ± 0.9

This study in HP 35W 5.5  ± 2.0 7.9 ± 3.3 6.1 ± 3.3 3.1 ± 1.6 1.6 ± 0.6

PRP Koontz et al. 2002
(9.24W, 0.9m/s)

10.9 ± 6.3 21.3 ± 12.0 21.6 ± 5.9

PRP Koontz et al.  2002
(21.85W, 1.3m/s)

21.0 ± 10.2 31.1 ± 14.1 31.9 ± 10.7

PRP Veeger et al.  2002 
(20W, 0.83m/s)

21.7 ± 3.7 12.1 ± 4.9 9.8 ± 1.4

PRP Veeger et al.  2002
(20W, 1.39m/s)

21.1 ± 0.9 16.0 ± 8.6 11.7 ± 3.1

PRP Boninger et al. 1997
(14W, 1.3m/s)

16.6 ± 8.8 10.4 ± 4.8

PRP Boninger et al.  1997
(23W, 2.2m/s)

21.3 ± 11.7 13.6 ± 5.1

Peak  ± SD [Nm] Peak  ± SD [Nm] Peak  ± SD [Nm] Peak  ± SD [Nm] Peak  ± SD [Nm]

Shoulder
elevation-plane

Shoulder
elevation-angle

Shoulder 
rotation

Wrist
deviation

Wrist
flexion

- -

- -

- -

- -

- - -

- - -
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In this study, we focus on kinematic and kinetic variables during steady propulsion, using the 

novel wheelchair drive device which has been computationally optimised for maximum power 

output [64]. Due to the possibility of applying propulsion forces over the entire cycle in 

combination with the selected gear ratio, we also expect that mobility will be significantly 

improved in practical use. Especially activities in daily life which require higher drive torques, 

such as start-up, acceleration, uneven ground or driving on ramps, are much easier to handle 

with the novel wheelchair propulsion device, which has also been confirmed by first tests. 

Furthermore, it is possible to propel both in synchronous and asynchronous mode, which can 

be advantageous for different situations in everyday life. With the brakes integrated for 

everyday use, the wheelchair can be decelerated in controlled fashion whereas for certain 

situations, such as overcoming steps, the push-rims on the wheelchair wheels can still be used. 

Future HP devices should offer a reverse gear and the possibility to lower the cranks, which is 

most important for transfers or driving under tables. However, we see our HP device as more 

suitable for indoor use, but it can also be used in an urban environment. 

 

Conclusion 
Overall, we found that our novel HP device improved wrist motion during wheelchair 

propulsion. In addition, shoulder rotation motion was optimized while shoulder elevation-

plane motion remained relatively unchanged compared to PRP. However, our results indicate 

that HP is associated with reduced joint torques and lower joint excursions compared to PRP. 

Future work should focus on optimizing handle positions and determining whether improved 

joint ranges of motion may be achieved, especially for the shoulder elevation-plane, by 

increasing the distance between the crank centre and the body. 
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6 Journal Publication IV 
6.1 Summary 
Title: Metabolic Cost and Mechanical Efficiency of a Novel Handle-Based Device for 

Wheelchair Propulsion 

This work conducted the measurement of cardiorespiratory responses to investigate 

differences in metabolic cost and mechanical efficiency for this novel HBP device compared 

with the standard PRP. Data were collected from long-term paraplegic subjects and non-

disabled individuals, to further investigate effects on propulsion mode and efficiency and to 

determine how the results differ for long-term wheelchair. Each group performed a combined 

submaximal and maximal exercises using a wheelchair-based test rig which operated at 

constant speed and different resistance levels over time. Respiratory responses were 

measured with a wearable metabolic measurement system. 

The results demonstrated for both subject groups significantly higher peak power output, 

higher mechanical efficiency, and lower physiological responses during HBP compared with 

PRP. Moreover, the results indicated that propelling the wheelchair with the HBP device is less 

strenuous and more efficient than conventional push-rim propulsion.  

It was shown that the performance of the HBP exceeded the performances of lever-propelled 

and push-rim wheelchairs. 
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6.2 Publication 

 
Metabolic cost and mechanical efficiency of a novel handle-

based device for wheelchair propulsion 
Markus Puchinger, MSc,a Nithin Kurup, PhD,a Karin Gstaltnerb, Marcus G. Pandy, PhD,c and 

Margit Gföhler, PhDa 
aResearch Division of Biomechanics and Rehabilitation Engineering, Department of Engineering Design 
and Product Development, Technische Universität Wien (TU Wien), 1060 Vienna, Austria; 
bAUVA Rehabilitation Centre Meidling, 1120 Vienna, Austria; 
cDepartment of Mechanical Engineering, University of Melbourne, Parkville, VIC 3010, Australia. 

 

 

Lay Abstract 
The push-rim is the preferred mode of propulsion for more than 90% of all self-propelled 

wheelchair users, even though it is the least efficient. Furthermore, push-rim propulsion is 

highly strenuous for the musculoskeletal system and often leads to severe upper limb injuries. 

Alternative modes of manual wheelchair propulsion are available (e.g. arm-crank propulsion 

(handbikes) and lever-propulsion) but most of these are bulky, heavy and mostly suitable for 

outdoor use. The aim the present study was to investigate differences in metabolic cost and 

mechanical efficiency for a novel handle-based and ergonomically optimized device and to 

compare its performance to conventional push-rim propulsion. Eight paraplegic subjects and 

10 non-disabled controls performed exercises at different power resistances. The results show 

that the performance of the handle-based device is below that of the handbike but that it out-

performs lever-propelled and push-rim wheelchairs, suggesting that this novel design is more 

suited to indoor use and may therefore be an attractive alternative to push-rims for activities 

of daily living. 

 

Keywords - wheelchairs, upper extremity, metabolism, rehabilitation, ADL 
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Abstract 
Objective: To investigate differences in metabolic cost and gross mechanical efficiency of a 

novel handle-based wheelchair propulsion device and to compare its performance to 

conventional push-rim propulsion. 

Design: Double-group comparative study between two different propulsion methods. 

Participants: Eight paraplegic individuals and 10 non-disabled persons. 

Methods:  Participants performed the same exercise using a push-rim device and the novel 

handle-based device on a wheelchair-based test rig. The exercise consisted of a combined 

submaximal and maximal test. Power output, oxygen uptake, ventilation, respiratory 

exchange ratio and heart rate were recorded continuously during the tests. Analysis of 

variance was performed to determine effects of group, mode and on power output. 

Results: Submaximal exercise resulted in a higher efficiency for the novel device and 

significant main effects of propulsion mode on all investigated parameters, except heart rate. 

On the respiratory exchange ratio, a significant interaction effect was found for both mode 

and group. The maximal exercise resulted in a higher peak power output and lower peak heart 

rate during propulsion using the handle-based device. A significant main effect on mode for 

mean peak power output, ventilation and heart rate was also observed. 

Conclusion: Wheelchair propulsion using the handle-based device resulted in lower physical 

responses and higher mechanical efficiency, suggesting that this novel design may be well 

suited for indoor use, thereby offering an attractive alternative to push-rim wheelchairs. 
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Introduction 
Manual wheelchair propulsion is the most favored mode of propulsion adopted by a large 

percentage of wheelchair users: more than 90% of all self-propelled wheelchairs are propelled 

manually by using the arms to apply force to the push-rim  [2]. Push-rim propulsion (PRP) is 

energetically inefficient, highly strenuous for the musculoskeletal system, and associated with 

high cardiopulmonary effort [2, 13, 14, 16, 90, 91]. Furthermore, PRP often leads to severe 

upper limb injuries, especially at the shoulder and wrist joints [29, 30, 92].  

Gross mechanical efficiency (GME), defined as percentage the ratio between external power 

output (PO) and energy expenditure (En), is often used to benchmark mechanical efficiency of 

manual wheelchair propulsion. Oxygen uptake per unit time (VO2), heart rate (HR) and 

propulsion frequency are the parameters typically used to assess the metabolic cost and 

efficiency of wheelchair propulsion [12, 93]. Due to high physical strain during PRP most of the 

expended energy dissipates, for example in heat loss, the rest contributes to propulsion. Thus, 

GME is typically measured to be in the range 2-10% and rarely exceeds 10% [2, 94]. Despite 

similar power output conditions, reported values for GME vary widely, which may be 

explained by individual differences in the physical ability of wheelchair users and by the 

influence of propulsion speed and surface properties [2, 94] .  

Alternative modes of manual wheelchair propulsion have been tested, the most common 

alternatives being lever-propulsion and arm-crank-propulsion. Compared to PRP, both of 

these methods increase the joint range of motion in the upper limb, particularly at the wrist 

and shoulder joints [2, 12, 13]. Lever-propelled devices were mainly designed to reduce 

repetitive strain injuries [2, 12, 14, 15]. In general, GME in lever-propelled devices is reported 

to be higher compared to PRP, and wheelchair users report greater overall satisfaction with 

lever-propelled wheelchairs, but previous designs often do not consider user anthropometrics 

[2, 15, 16]. Handbikes are the most popular arm-crank-propelled alternative to PRP for manual 

wheelchair propulsion, with values for GME reported to range from 8% to 15% [13, 17–20]. 

Due to a higher energetic efficiency and lower strain on the cardiorespiratory system, several 

investigators have recommended the handbike as an alternative to push-rim wheelchair 

propulsion for outdoor use [10, 13, 17–19, 21, 22]. Although the efficiency of alternative 

devices for wheelchair propulsion is often higher, most of these are limited to outdoor use 

because they are bulky, heavier, less friendly for transferring, and less maneuverable [2, 13, 

17].  
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Our group has developed a novel handle-based propulsion (HBP) mechanism for conventional 

wheelchairs as a compact indoor alternative to PRP [64]. With an ergonomically optimized 

propulsion movement and the ability to continuously apply propulsive force, HBP offers a 

continuous cyclic motion at ergonomic joint ranges of motion and has been shown to decrease 

joint excursions and maximum joint torques during propulsion [64, 78, 95]. The objective of 

the present study was to investigate differences in metabolic cost and mechanical efficiency 

for this novel HBP device compared to the standard PRP. Data were collected from paraplegic 

subjects, who are long-term wheelchair users, and non-disabled individuals to further 

investigate effects on propulsion mode and efficiency and to determine how the results differ 

for long term wheelchair users who have trained muscle coordination patterns for push-rim 

propulsion and may also have changed relative muscle strengths. Each group used an 

instrumented wheelchair-based test rig operating at constant speed and different resistance 

levels. We hypothesized that under similar conditions HPB would be more energetically 

efficient and less strenuous compared to conventional PRP due to continuous force 

application. 

 

Methods 
Subjects 

Eight right-handed paraplegic (PP) subjects were recruited from the spinal cord injury (SCI) 

rehabilitation centre “Weisser Hof” in Klosterneuburg, Austria. PP subjects were eligible for 

the study if they had an SCI level between L1 and T12, no permanent medication and no 

history of upper-limb injury. 

The 10 non-disabled (ND) students (controls), who participated in this study (Table 6), were 

eligible if they were right-handed, had no history of upper limb injury, and no permanent 

medication. The significantly younger ND group had no experience with PRP, whereas all PP 

subjects were long-term wheelchair users with a minimum experience of 3 years. The sample 

size was defined by the maximum number of PP subjects available, rather than based on 

statistical considerations. All subjects provided informed consent and approval for the study 

was obtained from the responsible federal state ethics committee Ethikkommission für das 

Land Niederösterreich (NÖ Ethikkommission), Landhausplatz 1, Haus 15B, 3109 St. Pölten, 

Austria (GS1-EK-3/149-2018). 
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 Table 6: Characteristics of paraplegic (PP) and non-disabled (ND) subjects 

Participants Subject 
(Sex) 

Age Weight Height BMI 
SCI Level 

[yrs] [kg] [cm] [kg/m²] 

paraplegic 
(PP) 

   1 (f) 54 62 179 19 T11-12 

   2 (m) 27 80 188 23 T6-7 

   3 (f) 43 75 160 29 T10-L1 

   4 (f) 56 63 158 25 T12-L1 

   5 (m) 52 65 175 21 T12-L2 

   6 (m) 45 85 192 23 T11-L1 

   7 (m) 21 62 185 18 T8-9 

   8 (m) 51 93 173 31 T12-L2 

mean (SD) 44 (12) 73 (11) 176 (12) 24 (5)  

non-disabled 
(ND) 

   1 (f) 23 70 165 26  

   2 (f) 21 63 170 22  

   3 (m) 21 92 185 27  

   4 (f) 21 54 162 21  

   5 (m) 23 58 181 18  

   6 (m) 24 70 169 25  

   7 (f) 26 58 175 19  

   8 (m) 36 99 181 30  

   9 (f) 35 64 176 21  

   10 (m) 19 61 187 17  

mean (SD) 25 (5) 69 (14) 175 (8) 22 (4)  

SD: standard deviation; SCI: spinal cord injury 

 

Experimental Setup 

All subjects were tested using a previously developed test rig [26] (Figure 28) consisting of a 

lightweight manual wheelchair (Eurochair Vario,XXL, Meyra Orthopedics, Kalletal, Germany) 

with 0.42m seat depth, 0.50m seat width, and an adjusted seat height of 0.51m. The 

wheelchair was mounted on a square tube frame to avoid direct contact between the wheels 

and floor and to facilitate mounting of different hand-driven propulsion devices. A controlled 

brushless motor combined with gearbox and flywheel mounted under the seat of the 

wheelchair provided torques that simulated resistances during wheelchair propulsion. Timing 

belts were used to promote a slip-free power transmission to the wheels and front connection 

points. For this study, the test rig operated in maximal power mode, where the resistance 

progressively increased according to a predefined resistance increment and time interval. In 

all trials, visual feedback allowed the participant to maintain the target speed during 

propulsion. 
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Figure 28: Wheelchair-based test rig with mounted HBP devices: [1] wheelchair, [2] HBP devices, [3] 
mounting frame, [a] front attachment pulley, [b] back wheel hub, [c] rear attachment pulley, [d] resistance 
power unit. 

 

Propulsion devices 

For PRP, conventional 24-inch (609,6mm) diameter push-rim wheels were mounted on the 

test rig whereas for crank propulsion two handle-based propulsion (HBP) devices [79] were 

utilized instead of the armrests (Figure 28 and Figure 29). Each HBP device consisted of a 

rotating crank on which a handle was mounted. During propulsion, a sliding guide changed 

the length of the crank during each rotation, allowing the handle to follow the optimized 

propulsion path [78]. The gear ratio of the HBP device was fixed at 1.2. 

 

Figure 29: Handle-based propulsion (HBP) device and its components. The horizontal and vertical positions 
of the crank centre can be adjusted according to the user’s body anthropometry. 
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Test Protocol 

All participants performed the same exercise with both PRP and HBP consecutively on the 

same day with a least 10 minutes of rest between exercises. The subjects were instructed to 

refrain from smoking for at least two hours before testing, to not consume any caffeinated or 

alcoholic beverages, and to void their bladder shortly before the measurements. To control 

the influence of fatigue on the effect of mode, subjects were assigned to alternately start with 

PRP or HBP, i.e. even-numbered subjects started the exercises with PRP, and odd-numbered 

subjects with HBP. To ensure familiarization with all equipment, subjects participated in a 

short preliminary session in which both HBP and PRP were used with low resistance (5W). The 

exercise test consisted of two parts: a two-minute submaximal exercise test performed at 

15W constant resistance power, followed by a maximal exercise test in which the resistance 

power was increased by 5W every minute. Both parts were performed consecutively with no 

break in between. The test was terminated when either 55W of resistance power was reached 

or when the subject reached physical exhaustion and could not continue. To simulate a 

common propulsion speed, subjects were asked to maintain a propulsion speed in the range 

1.20-1.65m/s for both HBP and PRP, similar to the range of speeds used in previous studies 

[10, 19, 96]. Sixteen of the 18 subjects completed all exercises. One female participant was 

excluded due to problems with balance during testing while one male ND subject was 

excluded because the required speed range was not achieved during the experiments. 

 

Data Collection 

Actual resistance power (PO, W) and linear velocity (v, m/s) were measured concurrently 

during each test. In addition, oxygen uptake (VO2, ml/min), carbon dioxide output (VCO2, 

ml/min) and ventilation (Ve, ml/min) were measured continuously using a wearable metabolic 

measurement system (Cosmed K5, Cosmed GmbH, Fridolfing, Germany), while heart rate (HR, 

beats/min) was measured using a mobile chest heart rate monitor (Polar H10 ANT+, Polar 

Electro Inc., Kempele, Finland). The spirometry system was matched to the subjects with 

respect to ethnicity (Caucasian) and calibrated with a reference gas after each subject. Linear 

velocity (v, m/s) and cadence (RPM, 1/min) were obtained from the test rig control and were 

also measured using cadence sensors (B00JLMS848 ANT+/B00JLMRXCQ ANT+, Garmin Ltd., 

Schaffhausen, Switzerland) mounted on both HPB cranks and the back wheels. 

 



  Journal Publication IV 

81 

Data Analysis 

Respiratory exchange ratio (RER, -) was calculated as the ratio between carbon dioxide output 

(VCO2, ml/min) and oxygen uptake (VO2, ml/min). Metabolic expenditure (En, W) was 

obtained from VO2 and RER using the equation reported by Garby et al. [97]: 

𝐸𝑛 = (4.94 ∙ 𝑅𝐸𝑅 + 16.04) ∙ 𝑉𝑂260  [W] (5) 

Gross mechanical efficiency (GME, %) was defined as the ratio between the actual resistance 

power (PO, W) provided by the test rig and energy expenditure (En) of the subject: 

𝐺𝑀𝐸 = 𝑃𝑂𝐸𝑛 ∙ 100 [%] (6) 

Weight-specific oxygen uptake (VO2/kg, ml/min/kg) was obtained from oxygen uptake (VO2) 

and the weight of the subject. Oxygen uptake per unit distance traveled (VO2 efficiency, 

ml/kg/m) was found from the measured VO2/kg and the corresponding mean linear 

velocity (v). Mean submaximal values of VO2, VO2/kg, VO2 efficiency, VCO2, Ve, RER, HR and 

GME for both HBP and PRP were measured during the last minute of the 2-min (15W) 

submaximal exercise. During the maximal power exercise, the subject’s mean values of VO2, 

VO2/kg, VO2 efficiency, VCO2, Ve, RER, HR and GME were calculated for both propulsion modes 

at each achieved resistance level to provide a comparison between the two propulsion modes. 

Peak values of VO2, VO2/kg, VO2 efficiency, VCO2, Ve, RER were found by calculating the highest 

mean value of each variable measured over a time interval of 30s, whereas the peak value of 

HR was defined as the highest mean value of HR measured over an interval of 10s. Peak power 

output was defined as the highest resistance level achieved during the maximal exercise, 

which was maintained for at least 30s. 

 

Statistics 

All analyses were performed using SPSS (IBM SPSS Statistics 26, SPSS, Inc., Chicago, USA). 

Mean and peak values were calculated using descriptive statistics. An ANOVA with a 2x2 

design (mode: HBP, PRP; group: ND, PP) was used to determine the effect of propulsion mode 

and subject group on submaximal exercise responses. An ANOVA with a 2x4x2 design (mode: 

HBP, PRP; power output: 15W, 20W, 25W and 35W; group: ND, PP) was also used to evaluate 

the interaction between propulsion mode, power output, and subject group for the resistance 

levels achieved by all subjects during the maximal exercise tests. The effect of propulsion 

mode and subject group on peak performance was found using an ANOVA with a 2x2 design 
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(mode: HBP, PRP; group: ND, PP). Statistical significance for all tests was set at p<0.05 with no 

adjustment for multiple comparisons. 

 

Results 
Submaximal exercise 

There was a significant main effect of propulsion mode on all parameters except HR, indicating 

lower VO2, VO2/kg, Ve, RER and higher GME and VO2 efficiency during HBP (Table 7). Mean 

values of VO2 efficiency during HBP were 0.07 ml/kg/m lower for ND and 0.03 ml/kg/m lower 

for PP. Similarly, mean GME was 1.03% higher for ND and 2.75% higher for PP during HBP 

compared to PRP. There was a significant main effect of group on all parameters except Ve 

and HR, indicating that the mean values were significantly different between ND and PP. HR 

in both subject groups did not show any significant effects. A significant interaction effect was 

found for mode and group on RER, indicating that the changes in RER during the HBP and PRP 

tests were different between PP and ND. 

Table 7:  Mean (SD) submaximal values measured for HBP and PRP at 15W constant resistance for the PP 
and ND groups. Symbols appearing in the table are: gross mechanical efficiency (GME), oxygen uptake per 
unit distance travelled (VO2 efficiency), weight-related oxygen uptake (VO2/kg), oxygen uptake (VO2), 
ventilation (Ve), respiratory exchange ratio (RER) and heart rate (HR). 

 GME 
[%] 

VO2 eff. 
[mL/kg/m] 

VO2/kg 
[mL/min/kg] 

VO2 
[mL/min] 

Ve  
[l/min] 

RER  
[-] 

HR  
[bpm] 

ND n=9 n=9 n=9 n=9 n=9 n=9 n=9 
HBP 7.59 (1.37) 0.12 (0.02) 9.94 (2.28) 620.04 (106.17) 20.42 (4.24) 0.83 (0.06) 110.00 (17.84) 
PRP 6.56 (1.73) 0.19 (0.06) 10.94 (2.82) 738.93 (198.00) 24.74 (7.23) 0.87 (0.06) 108.80 (21.26) 

 
PP n=7 n=7 n=7 n=7 n=7 n=7 n=7 

HBP 9.9 1(1.41) 0.08 (0.02) 6.72 (1.71) 486.72 (68.19) 17.35 (2.41) 0.68 (0.05) 96.10 (11.14) 
PRP 7.16 (1.22) 0.11 (0.02) 8.89 (1.97) 649.70 (104.18) 23.76 (4.87) 0.84 (0.05) 111.33 (11.59) 

 
Mode 
F-value 13.23 11.38 3.80 8.82 8.60 26.37 1.41 
P-value 0.001 0.002 0.049 0.006 0.007 <0.001 0.245 

 
Group 
F-value 7.92 17.68 10.48 5.50 1.22 21.07 0.92 
P-value 0.009 <0.001 0.003 0.026 0.279 <0.001 0.345 

 
Mode  Group 
F-value 2.70 1.52 0.52 0.22 0.33 7.78 1.93 
P-value 0.111 0.229 0.478 0.646 0.573 0.009 0.176 
bpm…beats per minute 
green highlighted values indicate significance (P<0.05) 
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Maximal exercise 

Maximum power resistance levels were different between PP and ND. Both groups achieved 

higher power levels for HBP than PRP. Values for GME were higher in HBP than PRP for both 

the PP and ND groups (Figure 30).  

 

Furthermore, HR increased as resistance level increased. A significant main effect of 

propulsion mode for all parameters in HBP was evident, indicating higher GME and VO2 

efficiency and lower VO2/kg, VO2, Ve, HR and En (Table 8).  

  

 

Figure 30: Dependence of gross mechanical efficiency (GME), oxygen uptake per unit distance travelled 
(VO2 efficiency), weight-related oxygen uptake (VO2/kg), heart rate (HR), ventilation (Ve) and oxygen uptake 
(VO2) on resistance level measured for PP subjects (orange lines, triangle markers) and ND subjects (blue 
lines, circle markers) during HBP (solid line) and PRP (dashed lines).  
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Table 8: ANOVA results obtained for the maximal exercise tests (15W-35W) for the PP and ND subject 
groups. Symbols appearing in the table are: gross mechanical efficiency (GME), oxygen uptake per 
distance travelled (VO2 efficiency), weight related oxygen uptake (VO2/kg), oxygen uptake (VO2), 
ventilation (Ve), heart rate (HR) and energy expenditure (En). 

  Mode Group ModeGroup ModePO ModeGroupPO 
  F-value P-value F-value P-value F-value P-value F-value P-value F-value P-value 

GME 68.410 <0.001 31.782 <0.001 3.127 0.079 0.049 0.995 0.386 0.818 
VO2 efficiency 37.194 <0.001 26.753 <0.001 9.375 0.003 2.584 0.040 0.676 0.610 
VO2/kg 24.859 <0.001 39.676 <0.001 0.098 0.755 0.668 0.615 0.400 0.808 
VO2 56.350 <0.001 24.057 <0.001 0.023 0.879 0.641 0.634 0.083 0.988 
Ve 53.835 <0.001 10.167 0.002 0.049 0.825 1.968 0.103 0.042 0.997 
HR 18.579 <0.001 1.955 0.164 12.999 <0.001 0.626 0.645 0.048 0.996 
En 62.511 <0.001 30.945 <0.001 0.000 0.995 0.839 0.503 0.098 0.983 
green highlighted values indicate significance (P<0.05) 
PO…power output (resistance level) 

HR was significantly higher for the PP group during PRP, whereas no significant differences 

were found with respect to propulsion mode for the ND group. Except for HR, there was also 

a significant main effect of group for all outcome variables, indicating higher GME and VO2 

efficiency and lower physiological responses for the PP group compared to the ND group. A 

significant interaction effect between propulsion mode and group was found for VO2 efficiency 

and HR, suggesting that the differences between HBP and PRP were larger for VO2 efficiency 

and smaller for HR in the ND group compared to the PP group. No interaction effects were 

found between propulsion mode, group, and power output, indicating that the combined 

effect of power output and propulsion mode was similar for both groups. In both groups, 

mean RER values were lower for HBP than PRP (Figure 31). As power resistance increased, RER 

values were above 1.0 for PRP but remained below 1.0 for HBP, indicating higher physical 

exhaustion during PRP. 

 

Figure 31: Mean RER values and standard deviations measured for HBP (solid infill) and PRP (diagonal stripes 
infill) in paraplegic (PP, orange) and non-disabled (ND, blue) subjects. 
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Peak responses 

A significant main effect was observed for propulsion mode on PO(peak), Ve(peak) and HR(peak); 

specifically, power output was higher and Ve and HR were lower for HBP than PRP (Table 9). 
No main effect was found for propulsion mode on peak oxygen uptake (VO2/kg(peak), VO2(peak)) 

and RER(peak). There was a significant main effect on group for all parameters except HR(peak). 

However, no interaction effect was found for propulsion mode and group on any of the 

outcome variables, as the ND and PP groups showed similar trends in peak values during HBP 

and PRP. 

Table 9: Mean values and standard deviations for peak power output (PO(peak)), peak weight-related oxygen 
uptake (VO2/kg(peak)), peak oxygen uptake (VO2(peak)), peak ventilation (Ve(peak)), peak respiratory exchange 
ratio (RER(peak)), and peak heart rate (HR(peak)). Results obtained from the ANOVA for propulsion mode (HBP 
vs. PRP), group (ND vs. PP) and interaction effects are also shown. 

 PO(peak)  
[W] 

VO2/kg(peak) 
[mL/min/kg] 

VO2(peak) 
[mL/min] 

Ve(peak)  
[l/min] 

RER(peak)  
[-] 

HR(peak)  
[bpm] 

ND  n=9 n=9 n=9 n=9 n=9 n=9 
HBP 55,56 (7,68) 37,86 (30,70) 1615,42 (236,50) 59,69 (8,59) 1,09 (0,07) 157,67 (23,01) 
PRP 46,67 (6,61) 34,41 (8,85) 1833,95 (541,13) 77,58 (26,71) 1,15 (0,09) 161,89 (21,12) 

 
PP  n=7 n=7 n=7 n=7 n=7 n=7 

HBP 46,43 (4,76) 19,42 (2,01) 1351,39 (178,50) 43,17 (7,05) 0,99 (0,06) 134,86 (7,13) 
PRP 42,86 (4,88) 25,19 (8,13) 1541,17 (182,56) 57,79 (9,20) 1,04 (0,07) 158,86 (12,31) 

 
Mode 

F-value 7,78 0,03 2,89 8,20 3,87 4,87 
P-value 0,009 0,856 0,100 0,008 0,059 0,036 

 
Group  

F-value 8,38 4,90 5,37 10,23 13,81 4,08 
P-value 0,007 0,035 0,028 0,003 0,001 0,053 

 
ModeGroup 

F-value 1,42 0,54 0,01 0,08 0,02 2,39 
P-value 0,244 0,468 0,906 0,776 0,888 0,133 

PO…power output 
bpm…beats per minute 
green highlighted values indicate significance (P<0.05) 
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Discussion 
The aim of this study was to measure metabolic cost and mechanical efficiency during 

wheelchair propulsion using a novel HBP device and to compare these performance indicators 

against those measured for conventional PRP. We investigated physiological parameters for 

both propulsion modes in a combined submaximal and maximal exercise test using both 

paraplegic (PP) and non-disabled (ND) subjects. The results of the submaximal test showed 

that higher GME and VO2 efficiency were attained with lower physiological responses during 

HBP compared to PRP. This effect was also observed during the maximal exercise tests with 

continuously increasing resistance (i.e., increasing power output).  

Furthermore, HBP showed higher peak power output and lower peak heart rate compared to 

PRP. In all tests, subjects showed significantly higher efficiency and lower physiological 

responses during HBP compared to PRP. Thus, our hypothesis that HPB is more efficient and 

less strenuous than conventional PRP was supported. 

Our results for the submaximal and maximal tests showed higher GME and lower physiological 

responses with the HBP device, which is consistent with findings from previous studies that 

have focused on comparing submaximal arm-crank exercise with conventional PRP under 

similar conditions [19, 90, 98, 99]. Our measured values of GME and VO2 efficiency for PRP are 

also consistent with data reported previously by others [11, 93]. The higher GME and VO2 

efficiency achieved by the PP group compared with the ND control group may be due to their 

familiarity with PRP as well as better upper-limb muscle conditioning resulting from everyday 

use of the wheelchair. However, the results of the maximal exercise indicate that the effects 

of propulsion mode and power output apply to both groups. Previous studies on arm-crank 

devices report higher peak power output compared to conventional PRP [19, 99]. Similar 

findings were observed during the propulsion mode with HBP, where mean peak power 

output values were 8.3% higher for the PP group and 19.0% higher for the ND group compared 

to PRP. Regarding peak oxygen uptake, we found significant differences between the subject 

groups but no significance was found between HBP and PRP, which is consistent with the 

results of other studies comparing arm-crank devices with PRP [19, 100–103]. 

Particularly for subjects with paraplegia, mean heart rates at power levels between 15W and 

35W as well as HR(peak) were significantly reduced using the HBP device, which is also 

supported by lower RER values. This suggests a higher endurance capacity of the paraplegic 
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subjects, which is also reflected in higher mean peak power output values achieved in HBP 

compared to PRP.  

However, comparing the differences in HR values between both subject groups, no statistical 

significance was found -  an observation that has also been reported previously and has been 

attributed to the normally higher HR in paraplegic persons [19]. 

Thus, independent of subject group, HBP was shown to achieve higher mechanical efficiencies 

and lower oxygen uptake at both submaximal and maximal workloads compared to PRP. 

Although studies reported in the literature on alternative propulsion devices are not easily 

compared, the data on efficiency presented here, particularly our measurements of GME and 

VO2 efficiency, place the HBP below the performance of the handcycle but above lever-

propelled and PRP wheelchairs. Moreover, our findings indicate that propelling a wheelchair 

with this novel HBP device is more efficient and less strenuous than propelling a wheelchair 

with a push-rim. In addition, our previous study [95] showed that the HBP device may lower 

the probability of upper limb injuries by reducing joint loads and ergonomic joint ranges. To 

adapt to an individual user’s wheelchair, the horizontal and vertical adjustment mechanisms 

shown in Figure 29 can be eliminated, leading to an even more compact and lightweight design 

of the crank mechanism that can also be swivelled for transfers. Therefore, we consider the 

novel wheelchair drive to be more suitable for indoor use than, for example, handcycles, 

making it an attractive alternative to push-rims for activities of daily living. 

 

There are limitations that ought to be considered when interpreting the results of our study. 

The sample size (PP n=8; ND n=10) was relatively small. Because force application during 

wheelchair propulsion is highly individualized, especially for PRP, a larger number of test 

subjects may influence the findings reported here. Also, the age difference between the two 

groups may have affected the group comparison, as in general, younger subjects are more 

likely to have higher cardiorespiratory fitness. However, it is generally difficult to establish 

groups of able-bodied and paraplegic subjects that are comparable in terms of 

cardiorespiratory fitness, as it has been well investigated [104] that paraplegic subjects have 

lower cardiorespiratory fitness in comparison to able-bodied subjects. In any case, only group 

comparisons may have been influenced by the age difference, the effects of propulsion mode 

are not affected.  
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Another improvement that is recommended for further studies is to make the test rig 

adjustable in the medial-lateral direction to account for individual differences in body 

anthropometry also in this dimension. 

In summary, we found that both subject groups demonstrated significantly higher peak power 

output, higher mechanical efficiency, and lower physiological responses during handle-based 

propulsion compared to push-rim propulsion. Our results indicate that propelling the 

wheelchair with this novel HBP device is less strenuous and more efficient than conventional 

push-rim propulsion. Overall, the performance of the HBP was below that of the handbike, 

but it exceeded the performances of the lever-propelled and push-rim wheelchairs. 
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7 Conclusion and Outlook7 
In this thesis, a manual wheelchair propulsion device (HBP) was developed and evaluated that 

follows an ergonomically optimized motion path for the arms obtained from musculoskeletal 

simulation [Journal Publication I]. The developed propulsion method is based on a length-

adjusting crank and a sliding guide. Timing belts proved to be the ideal lubrication-free 

lightweight drive variant. Furthermore, a wheelchair-based test rig for manual wheelchair 

propulsion was developed, which allowed easy and reproducible testing of different manual 

wheelchair propulsion devices. The use of timing belts for the transmission of resistance 

torques instead of friction rolls allowed slip-less measurements with different propulsion 

methods. Both the various mounting possibilities for hand propelling devices as well as its 

connectivity have proved useful.  

The results for the mean peak muscle activations showed, that push-rim propulsion leads to 

higher peak muscle activity compared to HBP at a similar wheelchair velocity. Moreover, the 

peak EMG values in push-rim propulsion indicated that most of the upper limb muscles were 

maximally recruited during propulsion whereas in HBP all muscles contributed evenly. 

[Journal Publication II]. 

Our studies showed, that HBP offers a continuous cyclic motion at ergonomic joint ranges. 

Compared to push-rim propulsion, HBP stays with up to 30% reduced range of motion at the 

shoulder and up to 80% at the wrist within the recommended ergonomic ranges and average 

resultant peak forces were reduced by up to 20%. With lower net torques at both the shoulder 

and wrist this novel propulsion system shows high potential to reduce the risk of upper-

extremity injuries. [Journal Publication III] 

Independent of subject group, the novel HBP was shown to achieve higher mechanical 

efficiencies and lower oxygen uptake at both submaximal and maximal workloads compared 

with PRP. The here presented findings indicate that propelling a wheelchair with this novel 

HBP device is more efficient and less strenuous than propelling a wheelchair with a push-rim. 

[Journal Publication IV] 

Overall, our hypotheses were supported and the results demonstrate that propelling the 

wheelchair with this novel HBP device is less strenuous, more joint-friendly and more efficient 

than conventional push-rim propulsion. 

 
7 This section is based on the discussions of Journal Publication I-IV 
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There are some points that still need to be addressed: There are many different methods of 

propelling a wheelchair, but only a few are commercially available. Besides electric wheelchair 

propulsion, manual methods are limited to push-rim propulsion, lever propulsion, and the 

mounting of a third wheel equipped with a crank, the so-called handcycles. Due to the missing 

activity of the lower extremity, manual wheelchair propulsion is an important contribution for 

training the cardiovascular system. Thus, electric wheelchair propulsion is not a viable 

alternative. Although studies reported in the literature on alternative manual propulsion 

devices, are not easily compared, the data on efficiency place the here presented HBP below 

the performance of the handcycles but above lever propelled and PRP wheelchairs. 

 

Since wheelchairs are very individual, a universal fixation that fits any wheelchair was 

problematic, hence the fixation of the drives needs to be adapted to the wheelchair. The here 

presented modular design supports easy wheelchair-specific adaptation. Furthermore, our 

research results have shown that some adjustment options are not essential for adaptation to 

the subjects, thus the HBP can be built much slimmer. Based on these findings, the drive was 

further developed in a follow-up project and is now significantly slimmer and offers the 

possibility to be swiveled away for transfers. Moreover, the methods demonstrated here, 

should provide the starting point for future studies focusing on effects on performance of a 

customized HBP-equipped active wheelchair. 

 

Overall, the here presented scientific work can be concluded as a substantial contribution for 

people with special needs who are dependent on wheelchairs and can help to keep and 

enhance their independence and integration in daily life. 
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