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Chapter 1
General Introduction

Chapter 1

Introduction
111

Overuse injury of the upper extremity is a common problem in the general population ,
which is even more prevalent in persons who depend on their upper extremities for
58
mobility, as in those with spinal cord injury (SCI) . For these persons, the problem is even
more severe since they rely on their arms for mobility and therefore upper extremity pain
often interferes with activities of daily living and mobility. The cause of shoulder pain is
almost certainly multidimensional and the repetitive load of wheelchair propulsion is seen
71, 202, 205, 208
as one of the risk factors
. However, mobility devices such as the wheelchair
are important since they support persons with SCI to live an independent life. Therefore,
alternative or additional mobility devices to the manual handrim wheelchair should be
considered. Since upper extremity mobility is their only means of exercise, a manual
device is preferable to maintain their physical activity.
The handbike is one of these alternative mobility devices that is increasingly used for
commuting, recreation and sports. Compared to handrim wheelchair propulsion it is more
45, 188
efficient and physiologically less straining
. Whether also the mechanical strain is
lower than during wheelchair propulsion has not been investigated yet. The focus of this
thesis will be on the biophysical benefits of handcycling in order to investigate the general
assumption that the handbike is indeed a good device for the prevention of shoulder
problems. Additionally, the handbike-user interface will be studied which will allow for
practical advice on how to best adjust the handbike to its user in order to further reduce
the load on the shoulder joint.
In this general introduction, an overview will be given of the context of this thesis. The
spinal cord injury and its accompanying health complications will be described with the
main focus on shoulder problems and possible causal factors. In the second part, the
mobility and exercise of persons with SCI will be discussed with handcycling as the key
mobility device. Further, the research context of this thesis will be described. Finally the
main aims and the outline of this thesis are specified.

Spinal cord injury
Spinal cord injury is a damage or disruption of the spinal cord that causes loss of
sensation, motor control and autonomic function below the level of injury. The severity of
the impairment is dependent on the neurological level and the completeness of the
lesion. Injuries to the cervical spine (C1-C8) result in impairment to the legs, trunk and
arms (tetraplegia, figure 1.1). A thoracic or lumbar lesion (T1-L5) affects the legs and,
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depending on the lesion level, also the muscles of the trunk (paraplegia, figure 1.1). The
161
prevalence of tetraplegia and paraplegia in Switzerland is 54% and 46% respectively .

Tetraplegia

Cervical
C1 - C8
Thoracic
T1 - T12

Paraplegia

Lumbar
L1 - L5
Sacral
S1 - S5

Figure 1.1.
Classification of tetraplegia and
paraplegia and the associated
segment levels.

The origin of SCI can either be traumatic (due to falls, traffic or sport accidents, violence,
39
or work related accidents) or non-traumatic (due to spinal stenosis, tumors, infections,
117
ischemia or myelitis) . The incidence of traumatic SCI in Switzerland is approximately 30
68
persons per million inhabitants/year , which is higher than the incidence in Western
39
Europe (16 per million), but lower than the incidence in North America (39 per million) .
49, 68, 126
Generally, men (66-80%) are more affected by a traumatic SCI than women
. The
126, 160
mean age at injury of a traumatic lesion lies between 20 and 40 years
. Thus the
persons with SCI are generally still young and relatively healthy and want to live an
independent life.

Health complications with spinal cord injury
As a result of the SCI and its accompanying loss of sensory, motor and autonomic
function, secondary complications (increased risk for cardiovascular diseases,
131, 137, 164
musculoskeletal complaints, pressure ulcers and pain) often occur
.
The sedentary lifestyle, to which most of the persons with SCI are forced, is seen as a risk
137
factor for some of the above mentioned complications . About 80-90% of all persons
13, 138
with SCI, who live in the community, rely on a manual or electric wheelchair
. In
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general, they travel with the wheelchair a mean daily distance of 1.8 - 2.5km, which
133, 171
corresponds to 46-48min of movement a day
. This duration, as well as the level of
94
physical strain, is considered to be insufficient to maintain or improve physical capacity
or to decrease the risk of the secondary health conditions. Therefore, additional physical
activity is essential to live a healthy life. It has been shown that an increased level of
170
activity results in less pain and fatigue
and that it is related to a reduced risk of
28
156
53, 137
obesity , pressure ulcers and cardiovascular diseases
.
The negative consequences of increased physical activity are related to upper body work.
Overload of the upper extremity often leads to overuse injuries and pain of the
musculoskeletal system. Due to its complex structure and the limited muscle mass, the
shoulder complex is particularly at risk for overuse injuries. Therefore, shoulder pain is
11, 136, 169
very common in persons with SCI and the prevalence rates range from 30 – 73%
.
46, 73
Also other joints are affected by overuse injuries, such as the elbow and the wrist
.
Since wheelchair dependent persons are forced to rely on their arms for mobility, upper
extremity pain often interferes with activities of daily living and their mobility. This may
result in a vicious circle of reduced physical activity, leading to reduced work capacity and
thus increased relative and absolute strain.
A solution to avoid this deterioration is to improve physical capacity and muscle strength
93
by regular and appropriate exercise, starting already in early rehabilitation . The
handbike, which will be presented in detail below, has been shown to be an appropriate
training device to maintain and improve physical fitness and to prevent arteriosclerotic
3, 175
diseases for persons with SCI
. The handbike is preferable over the handrim
113, 188-189
wheelchair since it is more efficient and less straining
, which makes it also a more
suitable device for persons with a limited work capacity such as persons with
176
tetraplegia .

The shoulder joint: functionality and overuse injuries
The shoulder joint is a complex system comprising of the humerus, thorax, scapula and
clavicle (figure 1.2). These bones are connected by the glenohumeral, acromioclavicular
and sternoclavicular joints and the scapulothoracic gliding plane (figure 1.2). Through the
interaction of all these joints, the arm gains a wide range of motion, covering almost 65%
61
of a sphere .
Most of the thoracohumeral motion is performed by the glenohumeral joint, which allows
183
humeral elevation up to 100° . To obtain such a large mobility, the socket of this joint is
relatively small, compared to the humeral head. This directly affects joint stability. For
proper stability, the glenohumeral joint requires continuous muscle activity to press the
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humeral head into the socket and to redirect the joint reaction forces towards the
209
articular surface . The main stabilizers of the glenohumeral joint are the four muscles of
the rotator cuff (the supraspinatus, infraspinatus, teres minor and subscapularis) together
with the deltoid.

Figure 1.2.
The shoulder complex
(www.uptodate.com).
The compromise between mobility and stability and the complex structure of the joint
makes the shoulder particularly prone to injuries. The most common causes of shoulder
pain are musculoskeletal; particularly overuse injuries to the rotator cuff and the
12, 29, 136, 163
impingement syndrome are prominent
. Impingement is a mechanical process
where the subacromial bursa or the muscle tendons of the supraspinatus or biceps, that
127
pass through the subacromial space, are impinged . This can lead to inflammation of
70
the tendon, resulting in pain, weakness and loss of function of the shoulder . Any factor
causing a functional narrowing of the subacromial space is believed to be a risk factor for
impingement. Such factors are glenohumeral instability, muscle imbalance, inflexibility
14
and upper limb weight bearing .
Regarding persons with SCI, the repeated performance of upper limb, weight-bearing
activities such as transfers, manual wheelchair propulsion and weight relief lifts put a high
201
58
load on the shoulder complex , placing these structures at risk for overuse injures .
Additionally, the performance of everyday activities from the seated position in the
wheelchair requires repeated elevation of the arms above shoulder height, which also has
81
been identified as a risk factor for impingement syndrome . Further, muscle imbalance
29
(relative weakness of rotator cuff and shoulder adductors) or chronic fatigue of the
57
rotator cuff could lead to displacement of the humeral head and thus to impingement.
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Both could be caused by the permanent use of the upper extremities of wheelchair
dependent persons, which hinders adequate muscle recovery and disturbs a proper
muscle balance.

Mechanical load on the shoulder
Mechanical load on the shoulder is seen as one possible factor leading to impingement
58
syndrome . This load can be studied by external or internal variables. The external
variables, such as external forces or net moments acting on the joint, relate to the
141
occurring internal forces and can thus be used to estimate internal load .
A more accurate and comprehensive indicator, however, is the glenohumeral contact
force (internal variable). This force reflects the sum of the external forces, the muscle
forces around the joint to compensate the external moments and the additional muscle
force required for joint stability. It therefore accounts for the difficult compromise
between mobility and stability of the shoulder complex.

Figure 1.3.
Graphical illustration of the
Delft Shoulder and Elbow
model.
The glenohumeral contact force can be calculated by inverse dynamics and with the aid
of a biomechanical model, based on three-dimensional anatomical information. The Delft
Shoulder and Elbow Model, which has been used in this thesis, is such a biomechanical
8
model for the upper extremity . It is a finite element musculoskeletal model consisting of
22 muscles, divided into 139 muscle elements (figure 1.3). Input to the model are the
external forces measured at the hand and the orientations of the thorax, scapula,
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humerus, forearm and hand. Output variables used in this thesis were the glenohumeral
contact force, net joint moments and the relative muscle forces, describing the load on
the shoulder complex.

Handcycling: history
The first mention of a handbike goes back to 1655, where Stephan Farfler, a German
watch-maker, built his own wooden wheelchair fitted with a gearwheel and a crank
82
system . Over the years, Farfler’s idea of an arm-propelled wheelchair was further
developed. With the progress of technology, handbikes were equipped with
asynchronous pedals, bicycle chains and tires. Although still heavy and large, crank and
lever propulsion systems were the most frequently seen alternative manual wheelchair
188
propulsion mechanisms in the 1950s and 1960s . These traditional handbikes based on
123
bicycle technology are still frequently used in developing countries , since they are very
suitable for uneven terrain and easy to repair.
In the late 1980s the purpose of handcycling, which up to then had mainly been used for
daily mobility, broadened. With the development of efficient handbikes, handcycling also
became a popular recreational sport. In 2004, handcycling was included in the
Paralympics for the first time. Since then, handcycling as a sports discipline has become
increasingly popular for persons with SCI but also for persons with other impairments,
45, 113, 122
such as leg amputations, as well as for able-bodied persons
.

Handcycling versus handrim wheelchair propulsion
The handbike will not replace the manual handrim wheelchair as the main mobility device
due to its size and the limited maneuverability. Yet, for training purposes or outdoor daily
activities the handbike seems to be a good alternative mobility device.
The handrim wheelchair is, mainly due to the intermittent and coordinative demanding
44, 189
propulsion mode, a straining and inefficient form of locomotion
. The gross
mechanical efficiency of hand rim wheelchair propulsion was found to be as low as 2 83, 115, 192
10,
10%
, while the gross mechanical efficiency for handcycling was around 6 - 15%
45, 218
. Thus with the handbike it is possible to propel over longer distances, for a longer
duration and at relatively higher speeds without experiencing excessive fatigue or
189
176
discomfort . This also facilitates activity to persons with a limited capacity .
The factors discussed below are suggested to contribute to the lower physiological and
mechanical strain. Thanks to the closed-chain motion of handcycling, propulsion force
103, 188, 217
can be applied throughout the whole 360° rotation of the crank
, whereas only
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30-57% of the propulsion cycle can be used for power production in handrim wheelchair
22, 50
propulsion
. Additionally, no energy is wasted for the coupling and decoupling of the
hands during handcycling. Further, the more natural arm movement within the visual
field as well as the natural grip on the handle bars are seen as factors enhancing
188
efficiency . Due to the circular movement (push and pull phase), more muscles are
activated, such as the extensors and flexors of the shoulder complex, and can contribute
to the power production. The continuous and balanced muscle use is suggested to cause
54
less musculoskeletal strain . A further positive aspect of handcycling is the gearshift.
With the appropriate choice of gear, the propulsion force can be adjusted to the user’s
abilities. This enables also persons with limited abilities to participate in sports and
overcome difficult terrain.
All these above mentioned assumed benefits result in the ability to achieve higher
velocities over a longer duration at a (possibly) lower physical strain. As a consequence,
the handbike seems to be a suitable device for both outdoor transportation and exercise
in a sports or rehabilitation setting. Whether it is also beneficial in terms of lowering the
shoulder load and the risk of overuse injuries, and how the setup of the handbike can
further contribute, is not known yet.

Handcycling: technology and handbike-user interface
Since the handbike has been shown to be a more efficient and less straining mobility
device than the handrim wheelchair, more attention should be paid to further improve
these benefits. Efficiency is not only dependent on the device itself, but also on its user
and the interface between user and handbike. Factors influencing power production
during handcycling are displayed in figure 1.4. The following factors are in the main focus
of this thesis and are discussed below, such as the mode of propulsion (synchronous vs.
asynchronous), the construction type and the setup of the handbike.

Synchronous vs. asynchronous
th

Earlier handbikes from the middle of the 20 century were equipped with an
asynchronous crank system, where the handgrips and cranks were mounted 180° out of
phase. This construction was based on the cycling technology and copied the arm-crank
ergometers used for upper body exercise. Today’s handbikes use a synchronous
propulsion mode where both hands propel in phase. This synchronous mode has several
advantages over the asynchronous propulsion: mechanical efficiency and peak power are
2, 10, 43, 186,
higher, whereas the local stress on the arms and hands are considerably lower
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197

. It is expected that this results from the additional internal work which is required in
the asynchronous mode for a stable steering direction in combination with the propulsion
10, 197
effort
. The synchronous propulsion mode appears thus to interfere less with the
steering task and it further allows for the use of the trunk mass to generate power,
depending on the lesion level.
sitting position
trunk inclination
crank position
moment arm
gear ratio
propulsion mechanism
propulsion characteristics

Energy
(food, O2)

interface

age
sex
anthropometry
impairment
work capacity
muscle use
coordination
propulsion technique

user

mobility
device

internal friction
mass
wheel size
wheel characteristics

External
conditions

PO = (Fr+Fa+Fincl+Fint) . v

displacement

.

PO = Fappl v

velocity

.

PO = W f

acceleration

PO = ME . En

Figure 1.4. Factors influencing the power production during steady state propulsion in
189
mobility devices, such as the handbike. Adapted from van der Woude et al.
.
Abbreviations: PO=power output, Fr=rolling resistance, Fa=air drag, Fincl=gravitational
force when propelling up an incline, Fint=internal friction of the device, Fappl=applied
propulsion force, v=cycling velocity, ME=mechanical efficiency, En=energy expenditure,
W=work per cycle, f=cycle frequency.
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Attach-unit vs. rigid-frame handbikes
Handbikes used in sports have a rigid, lightweight and often aerodynamic frame
construction with a low center of mass (figure 1.5A, B). This construction is optimal for
stability and reduces the air resistance, which is important for a high performance.
However, the limited maneuverability and the low sitting position make its use for
activities of daily living impossible.

A

B

C
Figure 1.5.
Different types of handbikes:
A: sports-handbike, recumbent position
(Swiss Paraplegic Foundation)
B: sports handbike, kneeling position
(www.carbonbike.ch)
C: attached-unit system fixed to a handrim wheelchair, upright position (Swiss
Paraplegic Foundation).
Attach-unit systems, as displayed in figure 1.5C, are more practical for daily outdoor
propulsion. The add-on crank system (“fifth wheel”) can be attached to the front of the
everyday handrim wheelchair, which makes the strenuous activity of transfers
unnecessary. The two small castor wheels in front of the handrim wheelchair are lifted
from the ground and the attached fifth wheel, together with the two rear wheels of the
wheelchair, form the handbike. The attach-unit handbikes are most suitable for outdoor
commuting, shopping or for recreational sports. Therefore, they are good alternative
43
propulsion devices compared to the handrim wheelchair for covering longer distances .
Both handbike types are equipped with brakes and a gearing system.
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Handbike setup
Different sitting postures are in use, depending on the user’s lesion level, the topography
of the hometown or cycling course and the purpose of handcycling. For competing in
handbike sports, good aerodynamics and the associated small frontal plane is important,
given the high velocities and the resulting air resistance (figure 1.4). Thus, recumbent
positions with backrest angles of 0°-30° are often seen in competitions (figure 1.5A, figure
82
1.6) . The downside of this recumbent position is the (possible) limited use of the upper82
body muscles .
For recreational use, a slightly reclined or upright position is preferred (figure 1.5C, figure
1.6). If not only the arms, but also the trunk is involved in power production, the upper
body is bent forward, with the legs in front of the body or in a kneeling position (figure
1.5B, figure 1.6). With each push of the crank, the handbiker leans forward to use the
weight of the upper body for additional power production. This method can only be used
224
by persons who still can use their abdominal and extensor muscles .

Figure 1.6. Classification of handbikes according to their mode of power production,
according to Double Performance (Double Performance BV, Gouda, The Netherlands).
1=class handbike, 2=propulsion-type, 3=sitting-type, 4=trunkposture, 5=handbike-type,
6=illustration, 7=frontal area, 8= handbike-use, 9=competition-division.
Next to body position, there are other factors of the handbike setup which can improve
224
performance or comfort : position of the crank (distance and height), crank length and
102
103
65-66, 186
width , handgrip type and angle , gear ratio
, wheel camber, wheelbase length,
seat-to-floor height and materials. Some of these factors were already subject of
biomechanical or physiological studies, others have not been addressed so far. To obtain
evidence-based guidelines on how to setup the handbike for competition or recreational
purpose, future studies should eventually address all these factors.
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Context of research
This thesis is a joint research project of Swiss Paraplegic Research, the Faculty of Human
Movement Sciences of the VU University Amsterdam, the Center for Human Movement
Sciences of the Faculty of Medicine of the University of Groningen and the Department of
Mechanical, Maritime and Materials Engineering, (Section Biomechatronics &
Biorobotics) of the Delft University of Technology. The experimental studies conducted
for this thesis were performed at the laboratory of Swiss Paraplegic Research in Nottwil,
Switzerland.
This study is a continuation of the Dutch multidisciplinary research program ‘Physical
strain, work capacity and mechanisms of restoration of mobility in the rehabilitation of
individuals with SCI’. The program aims to study the complex adaptions in the body that
are fundamental to the restoration of mobility in SCI rehabilitation within the context of
biomedical and psycho-medical issues. Addressed were the level of function as well as
49
activities and participation .
Since 1983, the research program ‘Stress and Strain of the upper extremity’ of the Faculty
of Human Movement Sciences of the VU University of Amsterdam looked into wheelchair
213
propulsion, with the main focus on mechanical and physiological load . This research
program was the basis for the foundation of the Dutch Shoulder Group which is now part
of the International Shoulder Group. The development of the biomechanical model of the
8,
upper extremity at the Delft University of Technology (Delft Shoulder and Elbow Model
179
) allowed for a more detailed study of the shoulder complex. As a consequence, this
180, 201-202, 208
research further expanded
.
Besides wheelchair propulsion, other alternative mobility devices like the handbike were
10, 43, 174, 186, 188-189
studied with physiological responses as a key aspect
. With this thesis, the
topic of the research on handcycling expanded from physiological to mechanical strain.

Outline of the thesis
So far it is known that the handbike is more efficient and physiologically less straining
than handrim wheelchair propulsion, which makes it a suitable device for rehabilitation
and sports. Whether it is also beneficial for the musculoskeletal system, and whether an
increased use can contribute to lower the incidence of shoulder pain in the SCI
population, is still unknown.
The aim of this thesis was to analyze the mechanical load on the shoulder complex
during handcycling in comparison to handrim wheelchair propulsion and to analyze
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factors in the handbike setup, which are suggested to contribute to a lower shoulder
load and a higher mechanical efficiency.
Biomechanical studies analyzing the applied force during handcycling are scarce and so
far it is not known how the force characteristics of handcycling are affected by the
exercise conditions. In chapter 2, the influence of the exercise conditions (speed and the
method to impose power) on the applied force, force effectiveness and distribution of
work during handcycling is investigated. This study is performed to establish a base for
the planning and interpretation of future handbike studies.
In chapter 3, the applied forces and propulsion characteristics of handcycling are
compared with handrim wheelchair propulsion. Since the occurring internal forces in the
shoulder complex are related to the externally applied force, this study is a first approach
to compare the shoulder load during handbike and handrim wheelchair propulsion.
A more accurate and comprehensive indicator of shoulder load is the glenohumeral
contact force. In chapter 4, the glenohumeral contact force and the relative muscle forces
occurring during handcycling at different exercise conditions are analyzed. The aim of this
study is to get a basic understanding of the operating shoulder load. Therefore, persons
without SCI are examined since they are equally inexperienced and have no restrictions
due to disabilities. Additionally, the results are compared with findings from previous
studies of handrim wheelchair propulsion, to have a first idea of the difference in shoulder
load between the two devices.
A direct comparison of shoulder load between handbike and handrim wheelchair
propulsion is performed in chapter 5. Glenohumeral contact forces and relative muscle
forces are analyzed during propulsion at different power output levels. This study is
performed with wheelchair-users with SCI in order to measure the direct affected
population. The clinical purpose of this study is to find out whether or not the handbike is
to be favored for the prevention of shoulder problems in persons with SCI.
Previous studies have shown that the handbike is physiologically beneficial over handrim
wheelchair propulsion, since mechanical efficiency is higher and heart rate is lower during
45, 188-189
handcycling
. But so far, it is not known whether there are different ways to propel
the handbike, and whether they also differ in physiological strain. The aim of chapter 6 is
to examine which styles are used by trained handbike users with SCI and whether there is
a certain style associated with a higher mechanical efficiency. Recommendations based
on this knowledge would help to improve training methods of athletes or could increase
the cycling capacity of recreational users.
Variation in the handbike-user interface and its consequences on shoulder load and
mechanical efficiency have not been studied, yet. One of the factors of the handbike
setup is the position of the crank. The optimal distance or the height of the crank, in
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relation to the shoulder joint, could lead to a lower shoulder load. Further, the inclination
of the backrest and thus the position of the trunk is an important factor of the handbike
setup which could influence shoulder load or mechanical efficiency. These factors of the
handbike setup were examined in chapter 7. The findings could lead to evidence-based
guidelines on how to set up the handbike for competition or recreational purpose.
In the last chapter, the main findings and conclusions of this thesis are summarized and
discussed alongside potential implications and suggestions for future research or practice
(chapter 8).
In the appendix, the technical details of the instrumented handbike used in this thesis are
described. The aim of this technical note is to provide background information on the
technical aspects of the measurement system and to report on its accuracy and its
reproducibility.
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Are the force characteristics of synchronous
handcycling affected by speed and the method to
impose power?

Ursina Arnet
Stefan van Drongelen
DirkJan H.E.J. Veeger
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Chapter 2

Abstract
Objective: To investigate the influence of exercise conditions (speed and method to
impose power) on the applied force, force effectiveness and distribution of work during
handcycling.
Methods: Ten able-bodied men performed handcycling on a treadmill. To test the effect
of speed, subjects propelled at different velocities (1.38m/s, 1.66m/s, 1.94m/s) with a
constant power output (35W). To test the effect of method to impose power, subjects
cycled at a constant speed (1.66m/s) and different power outputs imposed by incline (1%,
2.5%, 4%) versus pulley system (simulated resistance of incline conditions). From the
applied forces, fraction of effective force and work production over the propulsion cycle
were calculated.
Results: While total force (24.2 to 18.2N) and tangential force (20.0 to 13.5N) decreased
significantly with higher speed, no change in lateral force was observed (3.5 to 2.8N). This
resulted in a significant decrease of effectiveness (82.6 to 72.9%) and in a change of
relative work distribution over the propulsion cycle (44 to 29.8J). While cycling with the
highest velocity, compared to the lower velocities, more work was achieved during
pulling and pressing and less work was produced while lifting the crank. No significant
differences between the two methods to impose power were found in any parameter
(p<0.05).
Discussion: When propelling at equal power output, speed influences the force
characteristics of handcycling and should be considered when analyzing force application.
Since there is no difference in the force characteristics between propelling at an incline
versus ground-level, results of studies examining handbike propulsion with either of these
methods are largely comparable.
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Effect of exercise method on handbike forces

Introduction
Handcycling is an alternative form of wheeled mobility for persons who depend on a
manual wheelchair for their main means of mobility. Handcycling has become
increasingly popular for sports, recreation and outdoor transportation. Compared to hand
rim wheelchair propulsion, which is still the choice of mobility for Activities of Daily Living
(ADL), the handbike is mainly used for long distances. It has been shown not only to be
45, 189
more efficient
but also physiologically less straining than handrim wheelchair
45, 123
188
propulsion
. Further it is believed that the risk of repetitive strain injury is lower .
2, 10, 43, 177
The handbike has been well studied for its physiological responses
, but so far
10, 67, 102-103, 217
studies addressing the kinetics of handcycling are scarce
. Force application
10
103
10
was only studied by Bafhgi et al. and Krämer et al. . Bafhgi et al. found a decrease in
medio-lateral force with increasing speed and power output but no change in the total
force within the sagital plane. They found a rather low force effectiveness of 40-45%,
however this might be due to the unconventional method of calculating the
effectiveness, since the tangential force was not directly available. Also Krämer et al.
measured the applied forces in order to analyze work distribution within the propulsion
103
cycle . They stated that most of the work was produced while pulling the crank down,
because in this sector the highest tangential force was found. Both studies reported only
on the applied forces in one or two dimensions, but so far there is no study quantifying
the applied forces of handcycling in three dimensions.
None of the above mentioned handbike studies used comparable exercise protocols in
terms of speed or power conditions. Since it is not known how the design of the exercise
protocol influences the force application in handcycling, the comparison and
interpretation of the results is limited. From previous physiological studies in handcycling
it is known that several factors can influence performance. First, the choice of the testing
device can influence the findings, as seen in handcycling compared to stationary arm
89, 114, 121
crank ergometry
, or the mode, i.e. synchronous compared to asynchronous
2, 10, 43, 54, 186, 191
handcycling
. Additionally, the setting of the protocol itself, such as the
time schedule, the cadence or workload setting (speed and power conditions), is
134,
suggested to influence performance. For different forms of propulsion, such as cycling
153, 157-158
31, 196, 215
and wheelchair propulsion
, this influence has already been shown. For
handcycling an understanding on how force characteristics change under different test
conditions is missing; yet, its knowledge is important for the interpretation and
comparison of study results.
Focusing on handbike experiments conducted on a treadmill, the method to impose a
certain power output is expected to influence the force characteristics. There are several
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strategies to impose a certain power output such as changing speed, incline or resistance
206
(i.e. use of a pulley system ). If the strategy of increasing speed is used to achieve a
higher power output, also crank velocity and cadence will increase when using a fixed
10
gear setting . Therefore, it is difficult to distinguish whether the change in propulsion
technique is caused by the higher speed or by the higher power output. From research
conducted in cycling it is known that, if power output is kept constant, an increase in
134, 158
153, 158
cadence results in a lower total applied force
and in a lower tangential force
per pedal stroke. Also the effectiveness of force application decreases with higher
157
cadence . Since handcycling is also a cyclic movement it is expected that the force
characteristics will react similarly to higher cadences.
If the strategy of increasing the incline is used to achieve a higher power output, it is
expected that the force characteristics will not change. Compared to wheelchair
31
propulsion, where the sitting position changes while propelling up an incline , the
position of the person sitting in a handbike stays rather constant. Thus, the range of
motion and the applied forces relative to the handbike are suggested not to change. The
parameter which could be affected by incline is the distribution of work over the
propulsions cycle. Driving up an incline alters the relation of the person to gravity which
could result in a shift of work distribution within the propulsion cycle. But because the
inclines used in this study are not very steep, since they reflect inclines used in every day
conditions, it is expected that the distribution of work will not be affected.
The purpose of this study was to investigate the influence of the exercise condition on the
force characteristics of synchronous handcycling, as measured in terms of force
application, force effectiveness and distribution of work over the propulsion cycle. The
influence was tested for the effect of speed (different propulsion velocities at equal power
output) and for the method of imposing power (power output achieved by incline of the
treadmill or with a pulley system, yet at a level treadmill). It was hypothesized that the
force characteristics will be altered by the propulsion speed, whereas the method of
imposing power will not invoke changes.

Methods
Subjects
Ten able-bodied men (mean (SD): age 30 (4) years, height 1.77 (0.06) m and body mass 75
(9) kg) participated in this study. Inclusion criteria were: male, no experience in handbike
use, no shoulder surgery or chronic complaints of the musculoskeletal system of the
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upper extremities. The study was approved by the local ethics committee. All subjects
gave their written informed consent.

Experimental Design and Data Collection
The handbike exercise tests were performed on a motor-driven treadmill (Mill, Forcelink,
Culemborg, The Netherlands) at different speed and power conditions. Before testing the
subjects were allowed to become accustomed to the handbike and the experimental
setup. However, they were not instructed how to propel the handbike and performed all
test conditions with a gear ratio of 0.741.
To evaluate the effect of speed subjects propelled with three belt velocities (v) of 1.39,
1.67 and 1.94m/s for 1 min each at a constant external power output (PO) of 35W. This
power output was achieved by the drag force of the handbike-user combination and an
206
additional external force acting via a pulley system on the handbike
(figure 2.1). The
additional force changed proportionally with increasing velocity. The individual drag force
189
was determined before the experiments in a separate drag test .

Figure 2.1. Pulley system attached to the handbike on the treadmill.
To evaluate the effect of the method to impose power the subjects propelled with a
constant velocity of 1.67m/s and inclines of 1%, 2.5% and 4% for 1 min each. Lastly, the
same test was performed at 0% and 1.67m/s but with the simulated drag force of
propelling at 1%, 2.5% and 4%, produced by the pulley system. The power output levels
and velocities were chosen to simulate “everyday” handbike conditions.
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Kinetics-instrumented handbike
The handbike used in these experiments was an attach-unit system (Tracker Tour, Double
10
Performance, Gouda, The Netherlands) with a synchronous crank setting . The handbike
had a fixed configuration which did not allow individual adjustment to the subject’s
anthropometrics. Crank length was 0.17m and the outside distance between the
handgrips was 0.44m. The third front crank-driven wheel was attached to a hand rim
wheelchair (Pro Competition, Cyclone Mobility & Fitness, Bromborough, United
Kingdom). The external forces on the left handle bar (figure 2.2) were measured at 100Hz
with an instrumented handle bar containing a 6-axis force transducer (FS6-500, Advanced
Mechanical Technology Inc., United States). The force transducer was fixed to the
handgrip and rotated with the handgrip around the crank. In comparison to the study of
10
Bafghi et al. the handbike was supplemented with two incremental optical encoders
(Type 19, Elcis encoder, Collegno, Italy) to measure the angles of the handle bar relative
to the crank (β) and the crank relative to the handbike (α) (figure 2.2).

Figure 2.2.
Forces acting on the
handle bar of the
handbike, the angle of
crank relative to the
handbike (α) and the
angle of the handle bar
relative to the crank (β).

Data analysis of crank forces
The instrumented handbike measures force in three directions in the local coordinate
200
system of the handle bar . Via the angle β (angle of handle bar relative to the crank),
forces were transformed to the coordinate system of the crank originated in the handle
bar: Frad: along the crank towards the center of rotation of the crank, F tan: perpendicular to
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200

Frad in the plane of the crank rotation and Flat: horizontally outwards (figure 2.2) . The
total force (Ftot) acting on the crank was calculated as the norm of the three components:
[N]
From the last 30s of each exercise bout all complete cycles were used for data analysis of
which average values were used to analyze the force characteristics. The crank cycle was
defined as one rotation of the crank starting at α=0°. This is the position where the crank
is parallel to the propulsion surface, aiming towards the person sitting in the handbike.
Alpha is positive when rotating counter-clockwise (figure 2.2).
Over each crank rotation the fraction of effective force (FEF) was calculated as the ratio
214
between the effective force component Ftan and Ftot according to Veeger et al. :
[%]
Power output per cycle (PO) was calculated from the tangential force and the velocity of
the left crank (vcrank), under the assumption that equal forces were applied to the left and
the right handle bar:
[W]
Work per cycle (W) was calculated from the power output per cycle and the cycle time
(tcycle):
[J]

push

push
up

90°
30°

lift

down

150°
press
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270°
pull
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Figure 2.3.
Sectors of handbike
propulsion according to
the angle of crank
relative to the handbike
(α). In order to follow the
convention
of
the
literature
of
handcycling, the sectors are
visualized from the right
hand side of the
handbike.
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To assess the change in propulsion strategy over a full cycle between the different test
conditions, the propulsion cycle was divided into six sectors relative to the handbike,
namely push up, push down, press down, pull down, pull up and lift up (figure 2.3),
103
according to Krämer et al. . In order to follow the convention of the literature of cycling
and handcycling, the sectors and results are visualized from the right hand side of the
handbike. Propulsion strategy was analyzed as the mean values per sector for the total
force (Ftot_sector), the tangential force (Ftan_sector) and fraction of effective force (FEFsector).
Relative work per sector (Wsector) was calculated as the achieved work per sector as a
percentage of normalized work per sector:
[%]
where

sector

is the mean power achieved over the duration of one sector (timesector) and

the mean power achieved over the duration of the whole propulsion cycle
(timecycle).
cycle

Statistical analysis
The data was checked for normality using a Kolmogorov-Smirnov test. To evaluate the
effect of speed on the force characteristics, a one-way repeated measures ANOVA was
applied with speed (v=1.39, 1.67, 1.94m/s) as within-subject factor. A two-way repeated
measures ANOVA was performed to evaluate the effect of the method to impose power
on the force characteristics. The within-subject factors were method (incline, pulley
system) and exercise level (1%, 2.5%, 4%). Level of significance was set at p<0.05.
Bonferroni post-hoc tests adjusted for multiple comparisons were conducted to identify
the speeds and inclines which were significantly different from each other.

Results
Effect of speed
The achieved power output in handbike propulsion was lower than intended, but it did
not differ between the three speed conditions (table 2.1).
While Ftot and Ftan decreased with higher speed, no change in Flat was observed. The
changes in force application resulted in a significant decrease (p<0.001) of force
effectiveness from 82.6% to 72.9% with higher speed. Cycle frequency (cf) increased
significantly from 43 to 61 rpm with higher velocity. This resulted in a significant decrease
(p<0.001) of work per cycle (table 2.1).
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Table 2.1. Effect of speed on handbike propulsion: mean (SD) of the force characteristics
for 10 subjects and outcomes of the repeated measures ANOVA.
Force
Speed [m/s]
characteristics
1.39
1.67
1.94
p
PO [W]
32.0 (2.6)
31.8 (2.0)
30.3 (2.8)
0.109
FEF [%]
82.6 (4.3)
78.7 (4.5)
72.9 (6.5)
*
< 0.001
Ftot [N]
24.2 (2.3)
21.1 (2.1)
18.2 (2.4)
*
< 0.001
Ftan [N]
20.0 (1.6)
16.6 (1.0)
13.5 (1.2)
*
< 0.001
Flat [N]
3.5 (2.5)
3.0 (2.9)
2.8 (2.1)
0.557
W
[J]
44.0 (3.7)
36.6 (2.4)
29.8 (2.8)
*
< 0.001
cf
[rpm]
43 (0)
52 (0)
61 (0)
*
< 0.001
* significant effect of speed on force characteristics, p<0.05. Post-hoc tests showed
significant differences between all speed conditions.
The applied force reacted similarly to the change in speed throughout the cycle. With
higher speed Ftot decreased in every sector except during “pull up” (figure 2.4), while Ftan
decreased in every sector (figure 2.4). However, Ftot and Ftan did not change to the same
extent since FEF did not decrease in every sector (figure 2.4). There was only a significant
decrease of FEF with higher speed in the sectors “pull up” (p=0.003), “lift up” (p=0.001),
“push up” (p=0.020), and “push down” (p=0.025).
Table 2.2. Effect of the method to impose power on handbike propulsion: mean (SD) of
the force characteristics and outcomes of the repeated measures ANOVA for 10 subjects.
Force charIncline
Pulley system
acteristics
1%
2.5%
4%
PO 1%
PO 2.5% PO 4%
p
PO [W]
15.0 (3.2) 35.0 (4.7) 56.6 (7.9) 15.6 (3.7) 33.8 (4.9) 55.4 (7.2)
0.225
FEF [%]
58.4 (9.4) 78.5 (5.0) 85.8 (3.7) 60.0 (9.4) 78.6 (5.5) 85.1 (3.4)
0.713
Ftot [N]
12.8 (2.3) 22.8 (3.4) 33.8 (4.5) 12.7 (2.7) 22.1 (3.4) 33.4 (4.6)
0.226
Ftan [N]
7.9 (1.7) 18.2 (2.5) 28.9 (4.1) 8.2 (1.9) 17.6 (2.6) 28.4 (3.7)
0.220
Flat [N]
3.0 (2.5) 3.5 (2.9) 4.6 (2.1) 2.5 (1.7) 2.5 (3.0) 4.0 (2.7)
0.273
W [J]
17.4 (3.7) 36.6 (5.4) 63.9 (8.9) 18.2 (4.3) 38.8 (5.7) 62.7 (8.1)
0.248
cf [rpm]
51 (0) 52 (0) 53 (0)
51 (0)
52 (0) 53 (0)
0.144
Over the whole cycle there was a significant difference between relative work achieved
during different propulsion velocities (p<0.001). The analysis of each sector individually
revealed an increase of relative work in the sectors “press down” (p=0.021) and “pull
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down” (p=0.045) and decrease of relative work in sector “lift up” (p=0.004) with higher
velocities (figure 2.4).
A

B

C

D

Figure 2.4. A: mean total force, B: mean tangential force, C: mean fraction of effective
force, D: mean relative work, per sector for the three speed conditions, visualized from
the right hand side of the handbike (N=10). Abbreviations: Ftot: total force applied to the
crank, Ftan: tangential force, FEF: fraction of effective force.
*significant difference between speed conditions in this sector, p<0.05.

Effect of method to increase power: incline vs. pulley system
No significant differences between the two experimental methods to impose power were
found in any of the force characteristics (table 2.2). Further, no significant interactions
between the method to impose power and exercise level were found for any of the
outcomes.
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The analysis of the applied forces per sector showed that during “pull up”, F tot and Ftan
were both higher (p=0.013, and p=0.017 respectively) when the power was imposed by
the pulley system (figure 2.5).
Over the whole cycle there was no significant difference in FEF (p=0.713) or relative work
(p>0.655) between the two methods to impose power (table 2.2).
When every sector was analyzed individually (figure 2.5), FEF was only significantly higher
(p=0.03) in sector “pull down” when power was imposed by the pulley system (88.3%)
compared to cycling up an incline (84.7%). Relative work did not differ between the
methods in every sector (figure 2.5).
A

B

C

D

Figure 2.5. A: Mean total force, B: mean tangential force, C: mean fraction of effective
force, D: mean relative work, per sector over all exercise levels (1, 2.5, 4%) for both
methods to impose power (incline vs. pulley system). Abbreviations: Ftot: total force
applied to the crank, Ftan: tangential force, FEF: fraction of effective force.
*significant difference between methods in this sector, p<0.05
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Discussion
This study gave a first description of the three-dimensional forces applied to the crank
during handcycling. The results showed that the force characteristics can be significantly
influenced by the choice of the measurement protocol. This has consequences for the
comparison of similar findings in the literature.

Effect of speed
The choice of propulsion speed at equal power output has an influence on the force
characteristics. Handbike propulsion is a cyclic movement and force is applied over the
whole propulsion cycle. If handcycling is performed at a constant power output with a
constant gear setting, a change in speed is accompanied by an inverse change in
resistance. Therefore, higher speed resulted in a logical decrease of the applied forces F tot
and Ftan per cycle and consequently also work per cycle (table 2.1 and figure 2.4). These
results did not correspond with the findings of Bafghi et al., who reported an effect of
speed only in Flat, since they changed speed with a fixed gear setting without maintaining
10
the same power output .
The FEF is a ratio that relates the tangential force to the total force applied to the crank,
where only the tangential force produces power output. With a high FEF, less total force
is applied to the crank in order to reach a certain power output. Thus, from a purely
mechanical perspective, the mechanical external strain on the hand is reduced with a
higher FEF. Yet, its consequences on the human system are far more complex. Research
96
24, 51
in cycling and wheelchair propulsion
has shown that maximizing FEF negatively
51
24
impacts gross mechanical efficiency
and internal mechanical strain . Functional
anatomical constraints and optimizations within the boundaries of the human system are
155
likely responsible
for these negative outcomes. For covering long distances, a high
mechanical efficiency is crucial. By motor learning and training, FEF may be slightly
optimized without decreasing the ME, yet again within the functional anatomical
boundaries. These conditions still have to be studied for handcycling.
The force effectiveness found in this study was two times higher than previously found by
10
Bafghi et al. , who reported a FEF of 40-45%. Since their handbike did not allow
measuring the tangential component of the applied force, they used a tangential force
estimated from the drag force. If the drag force was underestimated during the drag test,
189
as it happens in wheelchair drag tests , Ftan would be underestimated with this method
as well.
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The results of this study showed that the force effectiveness decreased with higher
157
215
speed, similar to results found during cycling
and during wheelchair propulsion .
Therefore, it can be assumed that with lower belt velocity and consequently lower crank
velocity it is possible to better apply the force in an effective way. As the total applied
force decreases with a higher crank velocity, the force of the arm mass produced by
gravity remains constant. Therefore, the percentage of this downward directed force
96
increases with higher speed. The findings of Kautz et al. support this statement . In their
study they calculated the non-muscular component of the applied force during cycling
which results from inertia and weight subcomponents. With higher cadence this
96
component increased . Since this non-muscular component of the applied force is not
acting in the direction of the effective force during most part of the propulsion cycle, this
leads to a decrease in FEF. While analyzing the FEF per sector, this assumption is further
affirmed. In the sectors where gravity is working against the movement of the crank (“pull
up”, “lift up” and “push up”), it was found that FEF decreased with higher speed (figure
2.4). In the other sectors, the mass of the arm produces passively a force which is directed
downwards and is contributing to the production of the effective force.
In previous studies on handrim wheelchair propulsion it has further been shown that with
higher angular velocity of the rim and therefore faster extension of the shoulder and
214
elbow joint, the force application becomes less effective . Due to the geometrical
constraints the transfer from the rotation in the joint into a translation velocity in multi204
joint movements becomes ineffective with higher velocity . The same effect will be
found when the crank velocity is increased by a change in gear ratio during cycling at a
constant speed and power. Therefore, it can be concluded from the results of this study
that for reaching a high effectiveness of force application a low gear ratio should be
chosen.
The change of work production over the propulsion cycle was also influenced by the
relation of the applied force vs. the non-muscular force component. The analysis of
relative work per sector showed that in the sector where the least work was produced
(“lift up”, against gravity) the relative work decreased with higher speed. However, in the
sectors where the highest amount of relative work was produced (“pull down” and “press
down”, following gravity) the relative work increased with higher speed (figure 2.4). A
further reason for the decrease during “lift up“ might be based on inertia. Since with
higher crank velocity more relative work and therefore a higher torque was produced
during “press down“ and “pull down“, less work had to be produced during “lift up“ where
torque production is not optimal. Due to inertia, the crank was rotating even without high
force application (figure 2.4).
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For application of these results further studies should focus on shoulder load in relation to
propulsion pattern as quantified in this study by the relative work per sector. Thus, a
pattern related to a certain cycle frequency might be found where the risk for overuse
symptoms of the shoulder is reduced.

Effect of method to impose power
As expected, the method to impose power had no influence on any variable of the force
characteristics. This might be ascribed to the fixed sitting posture. Recent studies in
wheelchair propulsion reported a positive relationship between slopes and forward lean
31
of the trunk . In handcycling the sitting posture is rather fixed since the distance to the
crank is defined and the backrest of the handbike is more tilted backwards than the
backrest of the wheelchair. Therefore, body position will not change much when cycling
on an incline. Since the same power output was produced with both methods (incline and
pulley system), neither the total nor the tangential applied force differed. Therefore, also
FEF stayed constant. The variable which was the most probable to change was the
distribution of work over the propulsion cycle. The changed position of the subject with
respect to gravity could shift the distribution of work within the cycle. The results
however showed that the incline of 4% was not enough to cause such a shift.
To summarize, neither the applied forces nor distribution of work differed between
propelling on an incline or with an additional resistance applied by the pulley system. It
can be concluded that the change in the force characteristics with higher inclines could
solely be attributed to the change in resistance force, thus, also power output. The incline
itself and the changed position of the handbike relative to the level surface had no effect
on technique. Therefore, if force application in handcycling will be studied at different
power levels the experiment can either be conducted at different inclines or with an
additional resistance from a pulley system or a roller, and the results would be largely
identical.

Study limitations
The subjects in this study were able-bodied and non-experienced in handbike propulsion.
This group was chosen because it was expected that they would respond relatively
homogeneous to handbike exercise since they were equally inexperienced and had no
restriction due to disabilities. However, results are limited to the population studied. For
persons with spinal cord injury the results of the force characteristics might differ due to
reduced trunk or arm function. Additionally, force characteristics of experienced
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handbike users might differ from the measured results or they might react differently to
the changes as specified in our test protocol.
The fixed gear ratio used for all tests might have been too low for propelling on an incline
of 4%. With a low cycle frequency a high force had to be applied to the crank in order to
reach the relatively high power output. Particularly for subjects with more body mass or
with an unbalanced force production throughout the propulsion cycle the high force
caused the front wheel of the handbike to slip momentarily on the treadmill.

Conclusions
This study established a relationship between the design of the test protocol and the
force characteristics in able-bodied subjects. When measuring at equal power output and
with a fixed gear setting, speed has an influence on the force characteristics of handbike
propulsion and should therefore be considered when analyzing force application.
However, there is no difference in the force characteristics between propelling on an
incline or at ground level with the same speed when the resistance is applied by the pulley
system. Therefore, the results of studies which examined handbike propulsion with either
of these methods are largely comparable under conditions of equal power output and
speed.

35

Chapter 3
Force application in handcycling and handrim
wheelchair propulsion: an initial comparison

Ursina Arnet
Stefan van Drongelen
DirkJan H.E.J. Veeger
Lucas H.V. van der Woude

submitted

Chapter 3

Abstract
Objective: The aim of the study was to evaluate the applied forces and propulsion
characteristics of handcycling in comparison with wheelchair propulsion.
Methods: Ten able-bodied men performed standardized exercises on a treadmill at
inclines of 1%, 2.5% and 4% while an instrumented handbike and wheelchair measured
three-dimensional propulsion forces. The applied total force, fraction of effective force,
cycle frequency and time of force application were determined for both propulsion
modes.
Results: Lower mean and peak forces were applied during handcycling at all inclines
(p<0.001). At the 2.5% incline, where power output was the same for both devices, total
forces (mean over trial) of 22.8N and 27.5N and peak forces of 40.1N and 106.9N were
measured for handbike and wheelchair propulsion. No significant differences between
the two devices were found for the force effectiveness (p=0.757) and cycle frequency
(p=0.125).
Discussion: The results confirmed the assumption that handcycling is physically less
straining.
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Introduction
11, 58,

Persons with spinal cord injury often develop overuse injuries of the upper extremity
135, 163
. These complaints interfere with their personal life, especially with mobility, since
pain may be experienced during wheelchair-related tasks such as mere wheelchair
propulsion, transfers or other activities of daily living. The affected joints are the wrist,
the elbow and the shoulder joint but since the prevalence of pain is the highest in the
95
shoulder , this study focuses on the shoulder complex. The highly repetitive mechanical
201-202, 208
loading, as it occurs during wheelchair propulsion
, can be a cause of shoulder
107, 119
injury
.
In order to lower shoulder load and therefore the risk of overuse injuries of the shoulder
complex, strategies for optimizing handrim wheelchair propulsion have been studied
90, 101, 145, 184
extensively
. Besides improving the setup of the handrim wheelchair,
alternative modes of manual propulsion have been considered, such as lever-activated
144
10, 43, 67, 177, 186,
wheelchairs , hub crank propulsion, and especially arm crank propulsion
188
.
The handbike, which has an arm crank propulsion mechanism, is one of these alternative
propulsion modes that is increasingly used for sports and recreational purposes. Since it is
energetically more efficient and less straining for the cardio-respiratory system, several
authors recommended the handbike as an alternative to handrim wheelchair propulsion
43, 123, 186, 189-190
for outdoor use
. Whether it is also preferable in the context of mechanical
loading and for the prevention of overuse injuries is not known yet, since studies
addressing force production or effectiveness of force application during handcycling are
10, 67, 102-103, 217
rare
.
In order to provide proper advice regarding the choice of propulsion device in the
prevention of overuse injuries, the load of handcycling and handrim wheelchair
propulsion should be compared under similar experimental conditions. One possibility to
measure the load and indirectly predict the shoulder load is to analyze the total external
force applied to the handgrip of the handbike or the pushrim of the wheelchair during
actual wheeling. Other propulsion force characteristics might additionally account for the
17, 19
increased risk of shoulder injuries, such as high peak forces applied to the pushrim
,
104, 136
56
repetitive forces
or the direction of the applied force.
Since handcycling is a cyclic form of propulsion without any idle period as in handrim
wheelchair propulsion, it has been shown that force is applied to the crank more
7
continuously than in handrim wheelchair propulsion and is evenly spread over time ,
which is assumed to result in a lower peak force. Since no additional force is generated
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while gripping and releasing the hands from the crank, as it occurs during handrim
105
wheelchair propulsion , it is expected that the force application is also more effective.
This can lead to lower total forces of handcycling compared with handrim wheelchair
propulsion. Whether lower forces are also the result of lower shoulder moments and
might thus relate to a lower incidence of shoulder injuries is not known since neither the
direction and the magnitude of the force nor the resulting moment have been analyzed
during handcycling.
The objective of this study was to evaluate the propulsion characteristics, the external
applied forces and the resulting shoulder moments of handcycling on a motor driven
treadmill under different incline conditions and compare these outcomes to handrim
wheelchair propulsion in a group of able-bodied men. The external applied force and the
shoulder moment are both components which are indicative for the load on the shoulder
joint. It is hypothesized that under similar conditions, force effectiveness is higher,
leading to lower total forces in handcycling compared to the total force over the whole
propulsion cycle in handrim wheelchair propulsion. It is further hypothesized that other
propulsion characteristics, such as peak forces will be lower for the arm crank system due
to the longer time available for force application. According to the literature, heart rate is
expected to be lowe.

Methods
Subjects
Ten able-bodied men (age 30 ± 4 years, height 1.77 ± 0.06 m and body mass 75 ± 9 kg)
participated in this study. Inclusion criteria were: no experience in handbike and handrim
wheelchair propulsion, no shoulder surgery or chronic complaints of the musculoskeletal
system of the upper extremities. This group was chosen because it was expected that
they would respond relatively homogeneous to handbike and wheelchair exercise, since
they were equally inexperienced and had no restriction due to disabilities. The study was
approved by the local ethics committee. All subjects gave their written informed consent
prior to testing.

Experimental Design and Data Collection
After familiarization with the experimental procedure and setup, subjects propelled the
handbike and wheelchair on a motor driven treadmill (Mill, Forcelink B.V., Culemborg,
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The Netherlands) at inclines of 1%, 2.5% and 4% for 1 min at each incline. Since the
162
maximal incline allowed for ramps in Switzerland is 6% , these inclines reflect slopes
encountered by wheelchair users in everyday situations. In order to simulate an everyday
propulsion speed, belt velocity was 1.66m/s for the handbike and 1.11m/s for the
18, 43
wheelchair, as used in previous studies
. The gear ratio of the handbike was 0.741,
which resulted in a similar hand velocity as for wheelchair propulsion. Both propulsion
devices were tested on the same day in randomized order. Between trials sufficient rest
was given. Subjects were not instructed on how to propel the handbike or the handrim
wheelchair. Heart rate (HR) was registered at the end of each trial (Polar S800, Polar,
Kempele, Finland).

Figure 3.1.
Subject sitting in the
instrumented handbike.
The coordinate system
of the forces measured
on the handle bar of the
handbike
(Ftan=Feff_HB,
Frad, Flat) are displayed in
detail.
The handbike used in these experiments was an attach-unit system (Tracker Tour, Double
10
Performance, Gouda, The Netherlands) with a synchronous crank setting . The third
front crank-driven wheel was attached to a handrim wheelchair (Pro Competition,
Cyclone Mobility & Fitness, Bromborough, UK). Crank length was 0.17m and the outside
distance between the handgrips was 0.44m. The external forces on the left handle bar
(figure 3.1) were measured with a special purpose crank unit (Faculty of Human
Movement Sciences, VU University, Amsterdam, The Netherlands) at 100Hz with an
instrumented handle bar containing a six-axis force transducer (FS6-500, Advanced
Mechanical Technology Inc., Watertown, Massachusetts, USA). Two incremental optical
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encoders (Type 19, Elcis, Collegno, Italy) measured the angles of the handle bar relative
200
to the crank and the crank relative to the handbike (figure 3.1) .
The handrim wheelchair experiments were performed in a Küschall wheelchair (Küschall
K-Series, Küschall AG, Witterswil, Switzerland) with a camber of 6°. The wheelchair was
fitted with a SmartWheel (Three Rivers Holdings LLC, Mesa, Arizona, USA) on the left
18
side and a dummy wheel on the contra-lateral side
(figure 3.2). The SmartWheel
recorded the external forces at 100Hz.
Kinematics of the upper extremity were measured with a six-camera infra-red camera
system (Oqus, Qualisys AB, Gothenburg, Sweden) operating at 100Hz. Unique clusters of
reflective markers were placed on the trunk and the left upper extremity (thorax,
acromion, upper arm, forearm and hand). Prior to the actual experiment, calibration
measurements were performed in which the cluster markers were defined relative to the
bony landmarks. The position of the glenohumeral joint was calculated based on the
210
calculation of instantaneous helical axis . The point of force application was defined as
35
the second metacarpal joint . Kinematic data collection was synchronized with the
instrumented handbike and the SmartWheel. Kinematics and kinetics were filtered with
a second order Butterworth filter with a cutoff frequency of 10Hz.

Figure 3.2.
Subject sitting in a
wheelchair fitted with a
SmartWheel. The coordinate system of the
measured forces (Fx, Fy,
Fz) and calculated force
(Feff_WC) acting on the
handrim is included.
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Data analysis of propulsion forces
The instrumented handbike measured force in three directions at the handle bar. Forces
were expressed in the coordinate system of the crank, with the origin in the hand grip:
Frad: along the crank towards the center of rotation of the crank (radial), Ftan:
perpendicular to Frad in the plane of the crank rotation (tangential to the crank
200
movement) and Flat: horizontally outwards (lateral) (figure 3.1) .
The SmartWheel recorded forces and moments in three dimensions in the following
global coordinate system: Fx: horizontally forward, Fy: vertically upward and Fz:
36
horizontally inward .
Complete cycles from the last 30s of each trial were used for the data analysis. The
propulsion cycle in handcycling was defined as one rotation of the crank starting at α=0°
(figure 3.1). This is the position where the crank is parallel to the propulsion surface and
the handle bar is aimed towards the person sitting in the handbike. The propulsion cycle
in wheelchair propulsion was defined as the combination of the push and the recovery
phase. The push phase was defined as the time period where the hand exerted a positive
torque around the wheel axis. Time of force application was the duration of the
propulsion cycle in handcycling and the duration of the push phase in wheelchair
propulsion. Cycle frequency was defined as the number of propulsion cycles per minute
(rpm).
The total force (Ftot) acting on the crank or the push rim was calculated as the norm of the
three measured force components. Total force was analyzed in two different manners.
Ftot_fa was the mean total force over the time of actual force application, which is during
the complete propulsion cycle in handcycling and during the push phase only in
wheelchair propulsion. In order to account for the different propulsion frequencies
between the two propulsion modes, mean total force (Ftot_trial) over all complete cycles of
each trial (30s) was calculated. The peak force (Fpeak) was the mean of all peak values per
propulsion cycle of Ftot_trial.
The effective force component (FEF) was calculated for both propulsion devices
213
according to Veeger et al. :
[%]
For handcycling FEF was calculated for the complete propulsion cycle with Feff_HB = Ftan.
In wheelchair propulsion FEF over each push phase was calculated according to Veeger et
213
al. with
[N]
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Produced external power output (PO) per propulsion cycle was calculated under the
20
assumption that equal forces were applied with the left and the right hand . Power
output of handcycling was calculated from the measured Ftan and the calculated linear
velocity of the crank (
):
[W]
For wheelchair propulsion, power output was calculated from the measured moment
(Mwheel) and the measured angular velocity (ωwheel):
ω
[W]
The shoulder moments (M) were calculated with a simple static inverse model, taking into
account the measured external force and the weight of the arm and hand, which was
221
assumed to be 5% of the body weight :
[Nm]
With rext as the vector between the point of force application and the glenohumeral joint
and rarm as the vector between point of force application and the point of mass of the arm,
which was 50% of rext. Mean (Mtrial) and maximal (Mpeak) values of the of the net shoulder
moment were calculated over the whole trial.

Statistical analysis
Data were checked for normality with a Shapiro-Wilk test. A two-way repeated measures
ANOVA was performed to evaluate the difference of the produced power output
between handbike and wheelchair propulsion. The within-subject factors were device
(handbike, wheelchair) and incline level (1%, 2.5%, 4%). Since significant differences in
the power output were found between the two devices (table 3.1), a linear mixed model
was used to control for these differences when comparing the propulsion characteristics
of the two devices. The fixed effect factors were device and incline level. Power output
was included as a covariate (random effect) to account for the differences between
handbike and wheelchair. Level of significance was set at p<0.05. Bonferroni post-hoc
tests adjusted for multiple comparisons were conducted to identify the inclines which
were significantly different from each other.

Results
All 10 subjects completed all of the trials. Mean propulsion characteristics with the
statistical results are listed in table 3.1.
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Table 3.1. Mean (SD) of the propulsion characteristics and outcomes of the statistical
analysis (mixed model with device and incline level as fixed effects and PO as a covariate)
for 10 subjects.
Handbike
Level
PO

1%

2.5%

Wheelchair
4%

1%

2.5%

device
p

4%

[W] 15.0 (3.2) 35.0 (4.7) 56.6 (7.9) 22.4 (3.1) 35.7 (4.3) 50.9 (5.5)

interaction
device x
0.448 *level,
>0.001p

Ftot_fa [N] 12.8 (2.3) 22.8 (3.4) 33.8 (4.5) 44.7 (14.7) 60.5 (15.1) 80.3 (14.2) * <0.001 * 0.004
Ftot_trial [N] 12.8 (2.3) 22.8 (3.4) 33.8 (4.5) 17.7 (2.1) 27.5 (3.1) 38.5 (4.1) * <0.001 * <0.001
Fpeak

[N] 22.6 (4.5) 40.1 (6.8) 54.9 (6.5) 78.4 (28.2) 106.9 (28.5) 141.0(26.7) * <0.001 * 0.006

Mtrial [Nm]

6.5 (0.9) 6.9 (0.9) 8.4 (1.8)

8.2 (1.4) 10.3 (1.9) 11.9 (2.4) * <0.001 * <0.001

Mpeak[Nm] 11.6 (2.0) 14.6 (2.6) 19.3 (2.9) 25.9 (9.5) 33.2 (11.1) 39.4 (12.2) * <0.001
FEF
tfa
cf

[%] 58.4 (9.4) 78.5 (5.0) 85.8 (3.7) 74.8 (7.2) 75.2 (9.3) 75.2 (6.1)

1.171

0.757

* <0.001

[s] 1.16 (0.01) 1.15(0.01) 1.13(0.01) 0.45 (0.06) 0.49 (0.07) 0.48 (0.09) * <0.001

0.168

[rpf]

HR [bpm]

51

(0)

52

(0) 53 (0)

51 (12)

76 (10) 84

(9) 95 (10)

94

54

(11) 104

(13)

56

(11) 114

(6)

0.125

0.366

(15) * <0.001

0.946

* significant difference between device (handbike vs. wheelchair) and interaction (device
and incline level), p<0.05. Abbreviations: PO: power output, Ftot_fa: mean total force over
the time of actual force application, Ftot_trial: mean total force over all complete cycles of
each trial, Fpeak: mean of all peak values of Ftot_trial, Mtrial: mean shoulder moments over the
trial, Mpeak: mean of all peak values of Mtrial, FEF: fraction of effective force, tfa: time of
force application, cf: cycle frequency, HR: heart rate.
A significant interaction of the produced power output was found between handcycling
and wheelchair propulsion (table 3.1). At the lowest incline a higher power output was
produced during wheelchair propulsion (p>0.001), while at the incline of 4% the power
output was higher during handcycling (p=0.003).
Taking into account the differences in power output achieved at the incline levels, a
significant difference between the force production of handbike and wheelchair
propulsion was found in some of the force application variables. Ftot_fa, Ftot_trial and Mtrial
were significantly lower for handcycling than for handrim wheelchair use at the inclines of
2.5% and 4% (P < .001, figure 3.3 and figure 3.4). Fpeak and Mpeak were considerably lower
for handcycling at all inclines (figure 3.3, figure 3.4), whereas the time of force application
was longer for handcycling than for handrim wheelchair use. The total force in
handcycling was distributed over the whole propulsion cycle with most force applied in
the pull down phase, which is between 210° and 270°. In wheelchair propulsion however,
there is a distinct peak of total applied force in the middle of the push phase.
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Figure 3.3. Total force (mean and standard deviation) across all subjects and propulsion
cycles during 30s. Above: angle normalized total force of handcycling at an incline of 4%,
velocity of 1.66m/s and mean power output of 57W. Below: cycle normalized total force of
wheelchair propulsion at an incline of 4%, velocity of 1.11m/s and mean power output of
51W.
Heart rate was higher during wheelchair propulsion, which shows that wheelchair
propulsion was more strenuous for the cardiovascular system than handcycling.
With increasing inclines the effectiveness of force application during handcycling
increased from a low value of 58% to 86%, while during wheelchair propulsion the FEF
remained rather constant at a value of 75%. At an incline of 4% FEF is higher during
handcycling than during wheelchair propulsion (p=0.003)
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Figure 3.4. Typical example of the shoulder moments (flexion/extension) acting during
handcycling at an incline of 4% and a velocity of 1.66 m/s (left) and during wheelchair
propulsion at an incline of 4% and a velocity of 1.11 m/s (right).

Figure 3.5. Typical example of applied forces during handcycling at an incline of 4% and a
velocity of 1.66m/s (left) and during wheelchair propulsion at an incline of 4% and a
velocity of 1.11m/s (right): total (Ftot) and tangential (Ftan) force applied to the crank, the
. . .
position of the glenohumeral joint (GH joint) and the moment arm (- - - -) of the peak
force to the GH joint (illustrated from the right side).
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During wheelchair propulsion at the steepest incline, the total force is directed more
downwards than the effective force, which lowers the effectiveness (figure 3.5). In
handcycling at 4% incline the direction of the total force coincides better with the
direction of the effective force, especially during the pull down phase (between 210° and
270°, figure 3.5).

Discussion
The aim of this study was to compare the external applied forces in handcycling and
handrim wheelchair propulsion under similar conditions. It was found that considerably
lower total forces were applied during handcycling than during handrim wheelchair
propulsion at the same power output. The total applied forces during handcycling are
10
similar to those reported by Bafghi et al. , which is the only study quantifying the
applied forces to the crank so far. Also values for the applied forces in handrim wheelchair
44, 51,
propulsion are in agreement with former studies conducted in able-bodied subjects
100
. By comparing the total forces during the period of force application, it was found that
Ftot_fa of wheelchair propulsion is approximately three times higher than that of handbike
propulsion. One reasoning for this difference relates to the propulsion mode: while forces
in handcycling are applied constantly during the whole propulsion cycle, there is always
an idle period in wheelchair propulsion where no force is applied to the push rim, namely
the recovery phase (figure 3.3). This results in a more than two times shorter time of force
application for wheelchair propulsion and thus in higher applied forces (table 3.1).
By comparing the mean values of total force applied during the whole trial (F tot_trial), the
differing propulsion modes (continuous vs. intermittent force application) as well as the
differences in cycle frequencies are accounted for. Even taking these factors in
consideration, the applied forces during wheelchair propulsion were higher. If the power
output is the same for wheelchair and handbike propulsion, this difference can either
result from the difference in hand velocity or in the effectiveness of force application. The
power output achieved at the incline of 2.5% was similar for both devices (table 3.1). Due
to the gearing system the hand velocity was also close to similar, namely 0.95m/s during
handcycling and 0.91m/s during wheelchair propulsion. Thus, the difference in Ftot_trial is
likely to result mainly from the higher effectiveness of force application.
Also the peak forces applied to the handgrip during handcycling were more than two
times lower than the peak forces applied to the handrim in manual wheelchair propulsion.
These findings are related to the shorter push phase during wheelchair propulsion (figure
3.3). Additionally, the short push phase resulted in a short rise time to peak, which has
17, 19
been associated with a higher incidences of wrist and shoulder injuries
. In handcycling
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there was no distinct peak of total force determinable (figure 3.3) since the force was
applied evenly over the cycle. Since lower mean and peak forces, as well as a longer rise
time to peak occur during handcycling, it can be assumed that handcycling might be
favorable in order to avoid overuse injuries of the upper extremities.
In addition to the amount of the total force, the direction of force is also associated with
the load on the shoulder since forces acting on the shoulder with large moment arms are
119
related to a higher incidence of shoulder injuries . The results showed that the mean as
well as the peak shoulder moments were lower during handcycling compared to handrim
wheelchair propulsion. This suggests that handcycling, also with respect to the shoulder
moments, is beneficial for lowering the shoulder load and probably also the incidence of
shoulder injuries. To verify this, the dynamic shoulder moments should be compared.
Regarding merely the application of force for propulsion, a high effectiveness of force
application is beneficial since it results in lower applied forces. However, previous studies
in wheelchair propulsion have shown that a high FEF leads to a high physiologic cost and
51
low mechanical efficiency . So far, no similar study has been performed in handcycling.
The FEF measured during handcycling was increasing with higher power output from 58%
to 86%, whereas the FEF remained rather constant at 75% in wheelchair propulsion. The
low FEF in handcycling at 1% incline might be caused by the low power output, which was
probably not strenuous enough, and the subjects were not forced to apply much force nor
in the most effective way. Under this condition, the force of gravity of the arm and hand
on the crank was high compared to the force applied for propulsion, which led to an
unfavorable direction of the resultant force and therefore to a low FEF. Which increasing
incline and thus increasing applied force, the weight of the arm and hand counted less
and FEF increased.
Compared to previous studies, the reported effectiveness values were higher than the
10
67
values of 40-45% reported by Bafghi et al. , but lower than the results of Faupin et al.
who reported a FEF2D of 85%. Since FEF of handcycling is dependent on the test
7
condition , and the above-mentioned values were calculated with different methods, the
results are not comparable.
Regarding handrim wheelchair propulsion, the FEF found in this study was in a similar
24, 51, 101, 213
range as results of previous studies conducted with able-bodied subjects
.
18, 44, 213
However, in contrary to previous findings
, FEF did not increase with higher
51
workload but rather stayed constant at 75%. As suggested by de Groot et al. , propulsion
technique may be considered less critical to performance under low submaximal
conditions and therefore FEF might not be optimal.
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A limitation of the present study is that able-bodied, non-skilled subjects were used,
which limits the generalization of the findings to persons with a disability. Training can
108
lead to better timing
and can therefore change force application and effectiveness.
Furthermore, propulsion characteristics of persons with a disability might differ due to
reduced trunk or arm function. However, this group of able-bodied subjects was chosen
because it was assumed that they would respond relatively homogeneous to wheelchair
and handbike exercise.
Both handbike and wheelchair were typical devices used for activities of daily living. They
were used in a standard configuration and were not fitted to the subjects’ anthropometry.
The position of the crank and the rim with respect to the shoulder was not the same for all
subjects. This could individually have led to a differing direction of the applied force.
The fixed gear ratio used in handbike propulsion made comparison of the applied forces
between subjects possible, but it might not have been optimal for force application.
While propelling at 1%, the gear ratio might have been too high for the relatively low
power output in order to apply the force optimally. In the 4% exercise condition the gear
ratio might have been too low, thus a high force had to be applied to the crank in order to
overcome the incline. Particularly for subjects with an unbalanced force production
throughout the propulsion cycle or with more body mass, the high force caused the front
wheel of the handbike to slip momentarily on the treadmill.
In conclusion, the results of this study show that under comparable incline conditions,
lower propulsion forces have to be applied during handcycling compared to manual
wheelchair propulsion. This confirms the assumption that handcycling is not only
physiologically but also physically less straining.
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Abstract
Objective: This study aimed to quantify glenohumeral contact forces and muscle forces
during handcycling and compare them to previous results of handrim wheelchair
propulsion.
Methods: Ten able-bodied men propelled the handbike on a treadmill at two inclines (1%
and 4% with a velocity of 1.66m/s) and two speed conditions (1.39 and 1.94m/s with fixed
power output). Three-dimensional kinematics and kinetics were obtained and used as
input for a musculoskeletal model of the arm and shoulder. Output variables were
glenohumeral contact forces and forces of important shoulder muscles.
Results: The highest mean and peak glenohumeral contact forces occurred at 4% incline
(420N, 890N respectively). The scapular part of the deltoid, the triceps and the trapezius
produced the highest force.
Discussion: Due to the circular movement and the continuous force application during
handcycling, the glenohumeral contact forces, as well as the muscle forces were clearly
lower compared to the results in the existing literature on wheelchair propulsion. These
findings prove the assumption that handcycling is mechanically less straining than
handrim wheelchair propulsion, which may help preventing overuse to the shoulder
complex.
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Introduction
A high prevalence of upper limb injuries exists in the manual wheelchair user population.
The point prevalence of shoulder pain in persons with spinal cord injury ranges from 30 to
11, 135
111
73%
, whereas in the general population a point prevalence of 7 to 27% is found .
The most common causes of shoulder pain in individuals with chronic spinal cord injury
59
are musculoskeletal, particularly overuse injuries to the rotator cuff . A relatively high
load on the shoulder joint and a high frequency of this load, as it occurs during handrim
201-202, 208
wheelchair propulsion
, are suggested to be contributors to the development of
107, 119
shoulder injuries
. Transfers and vertical lifts, where the frequency is low but the
203
shoulder load particularly high , are other activities that may add to the risk to develop
shoulder complaints.
In finding a good balance between lowering the load on the upper extremities and still
living an active lifestyle, the handbike might be the preferred choice for outdoor
transportation. A handbike can be used for everyday outdoor propulsion over longer
174
distances or for training . This will strengthen the upper extremity muscles in a more
balanced form and could lower the risk of overuse injuries, since the impingement
syndrome appears to be related to weakness of the rotator cuff and scapular
120
stabilizers . The handbike is energetically more efficient and less straining for the
45, 190
cardio-respiratory system
. Whether it is also beneficial for lowering the mechanical
load and for the prevention of overuse injuries is likely, but not yet known.
To date, details on the external force applied during handcycling or arm cranking are
10, 67, 102-103, 165
becoming available
. The externally applied hand forces give an indication
about the possible shoulder moments and the shoulder load. Comparing wheelchair and
handbike propulsion, our group showed that the external forces are lower during
handcycling which suggests a lower shoulder load and thus a lower risk for shoulder
7
injury . The benefit of handcycling, with regard to shoulder injuries, has also been shown
in studies analyzing muscle activity during handcycling or arm cranking. Comparing
54
handbike to wheelchair propulsion, DeCoster et al. reported that during the latter the
supraspinatus and the pectoralis major are much more active, suggesting that these
structures are exposed to excessive strain in combination with abduction and internal
127
rotation of the shoulder, which makes impingement likely to occur . For this reason, the
54
handbike has been recommended for prevention of shoulder dysfunction .
Besides external applied hand force, net shoulder moments or muscle activity, the
mechanical load on the shoulder can also be quantified as the glenohumeral contact
force. The glenohumeral contact force can be calculated by the Delft Shoulder and Elbow
179
Model (DSEM) . The input of the model comprises the external forces and the
orientations of the upper extremity segments including the scapula. The output of the
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DSEM includes among others muscle lengths, muscle forces, moments around various
axes and joint contact forces. The DSEM has been validated by comparing the calculated
glenohumeral contact force and muscle forces with values measured using an
130
instrumented shoulder prosthesis . During dynamic motions, the glenohumeral contact
forces predicted by the model showed compatibility with the contact forces measured
with an instrumented shoulder prosthesis, although at arm elevations above 60° the
measured and predicted values showed different trajectories. So far, glenohumeral
contact force has been studied during various activities of daily living such as pushing and
88
201
112
112
201
pulling , reaching , lifting objects , combing hair , performing weight relief lifts
201, 208
and handrim wheelchair propulsion
. To date no studies quantifying glenohumeral
contact forces during handcycling are available. In order to enable recommendations
about the use of a handbike in the context of reduced risk for shoulder overuse injuries,
the glenohumeral contact forces should be studied and described.
The aim of this study was to quantify glenohumeral contact forces and muscle forces in
able-bodied males, during synchronous handcycling in everyday conditions on a motor
driven treadmill. It was hypothesized that due to the continuous force application and the
direction of force application, the glenohumeral contact force and muscle forces will be
lower compared to previous studies in handrim wheelchair propulsion.

Methods
Subjects
Ten able-bodied men participated in this study (mean (SD): age 30 (4) years, height 1.77
(0.06) m and body mass 75 (9) kg). Inclusion criteria were: no experience in handbike and
wheelchair use, no current complaints of the musculoskeletal system of the upper
extremities or shoulder surgery. All subjects gave their written informed consent. The
study was approved by the local ethics committee.

Experimental Design
After familiarization with the experimental procedure and setup, subjects propelled the
handbike on a motor driven treadmill (Mill, Forcelink B.V., Culemborg, The Netherlands)
at low, everyday speeds and power levels. To evaluate the shoulder load at different
inclines, the subjects propelled with a constant velocity of 1.66m/s and two inclines of
respectively 1% and 4% for 1 min per slope. To evaluate the shoulder load at different
speed conditions, all subjects propelled at the same constant external power output (PO)
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with two belt velocities of respectively 1.39 and 1.94m/s for 1 min per speed. The power
output was achieved by the rolling resistance of the handbike-user combination on the
level treadmill and an additional external force acting via a pulley system on the
206
189
handbike . The individual drag force was determined in a separate drag test . The
additional force was reduced proportionally with increasing velocity to achieve the same
power output at both velocities.

Instrumented handbike
The handbike used in these experiments (figure 4.1) was an attach-unit system (Tracker
Tour, Double Performance, Gouda, The Netherlands) with a synchronous crank setting,
attached to a hand rim wheelchair (Pro Competition, Cyclone Mobility & Fitness,
200
Bromborough, UK)
. The gear ratio of the handbike was fixed throughout the
experiment at 0.741. Subjects were not instructed on how to propel the handbike.

Figure 4.1.
Subject sitting in the
instrumented handbike
with cluster markers
attached to the thorax,
acromion, upper arm,
lower arm and hand.
The instrumented handbike measures the external forces on the left handle bar with a
special purpose crank unit (Faculty of Human Movement Sciences, VU University,
Amsterdam, The Netherlands). The handle bar contains a 6-axis force transducer (FS6500, Advanced Mechanical Technology Inc., Watertown, Massachusetts, USA) which
records three-dimensional forces at 100Hz. Two incremental optical encoders (Type 19,
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Elcis, Collegno, Italy) measure the angles of the handle bar relative to the crank and the
200
crank relative to the handbike .
The measured forces were transformed from the local coordinate system of the force
transducer to the local coordinate system of the crank (tangential, radial, lateral) and to
forces in the global coordinate system. The total force (Ftot) acting on the crank was
calculated as the norm of the three measured force components.
Produced external power output per propulsion cycle was calculated under the
assumption that equal forces were applied with the left and the right hand. Power output
was calculated from the product of the tangentially applied force component and the
linear velocity of the crank:
[W]

Kinematics
Kinematics of the upper limb were recorded synchronously to the kinetic data collection
with a 6-camera movement analysis system (Oqus, Qualisys AB, Gothenburg, Sweden)
operating at 100Hz. Five unique clusters of reflective markers (4 markers each) were
placed onto the upper extremities on the left-hand side (thorax, acromion, upper arm,
forearm and hand) (figure 4.1). Prior to the actual tests, reference measurements of bony
landmarks were performed while the subject was sitting with the arms in the anatomical
position. The reference measurements were used to relate the clusters to the local
anatomical coordinate systems of the body segments, following the descriptions
222
published in Wu et al.
and in line with previous studies on joint contact forces in
201, 208
wheelchair propulsion
.

Inverse dynamic model
179, 216

The Delft Shoulder and Elbow model was used to calculate the mechanical load
.
Since the model represents a right shoulder and arm, all input data were mirrored to the
right side. Kinematic input was the position of the incisura jugularis and the orientations
of the thorax, scapula, humerus, forearm and hand. Further, the 3-dimensional external
forces and moments applied by the hand on the crank served as kinetic input. The
47
kinematic input data were optimized to the model structure as descibed by de Groot .
Output variables of the model used in this study were the glenohumeral contact force and
muscle forces. A minimum stress cost function was used to calculate the muscle forces
140
during handcycling , and the total force produced by each muscle was obtained by
summing up the forces of the muscle elements. To enable comparison of muscle forces,
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the forces were expressed as absolute values as well as a percentage of their maximum.
2
The maximum muscle forces were based on a force of 100N/cm of the physiologic cross212
sectional area, obtained by Veeger et al. .

Data analysis
From the last 30s of each exercise bout, five regular consecutive propulsion cycles were
selected for data analysis. The propulsion cycle was defined as one rotation of the crank,
starting at the position where the crank was parallel to the propulsion surface and the
handle bar aimed towards the person sitting in the handbike. Since only a limited amount
of data can be processed by the model, input data were resampled to 50Hz and filtered
with a second order Butterworth filter with a cutoff frequency of 10Hz.
The mean and peak glenohumeral contact force and muscle forces per cycle were
calculated and subsequently averaged over the five cycles. Of the 22 muscles, which were
output of the model, only those muscles were analyzed which are relevant for the
shoulder load (scapulothoracic muscles, scapulohumeral muscles and upper arm
muscles).

Statistical analysis
The mean and peak values of glenohumeral contact forces, as well as the mean and peak
values of the relative and absolute muscle forces were analyzed. To compare the results
between the different incline conditions (1 vs. 4%) and speed conditions (1.39 vs.
1.94m/s), non-parametric Friedman-tests were used since the data were not normally
distributed. Level of significance was set at p<0.05.

Results
All subjects were able to perform all conditions. Mean achieved power and total external
force applied to the crank are listed in table 4.1. The achieved power output during the
speed conditions did not differ between the two conditions (p=0.682).
Table 4.1. Mean measured power and external force applied to the crank.
Condition
1%
4%
1.39m/s
Measured PO
[W]
15.0
56.4
31.9
Ftot
[N]
12.8
33.8
24.2

1.94m/s
30.3
18.2
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Glenohumeral contact forces
Mean glenohumeral contact forces over the propulsion cycle ranged between 270 and
420N (figure 4.2). They were significantly higher during handcycling at 4% compared to
1% (p<0.001), but they were not significantly different for the two speed conditions (1.39
vs. 1.94m/s, p=0.241). The peak glenohumeral contact forces ranged between 520 and
890N (figure 4.2) and were significantly different for the two incline conditions (1 vs. 4%,
p=0.001), but not for the two speed conditions at equal power output (1.39 vs. 1.94m/s,
p=0.905).

Figure 4.2.
Mean and peak glenohumeral contact forces
(n=10).
* significantly different
for the incline conditions
(1 vs. 4% with 1.66m/s)
but not for the speed
conditions
(1.39m/s
(32W)
vs.
1.94m/s
(30W)), p<0.05.
The distribution of the glenohumeral contact force throughout a propulsion cycle in this
group of inexperienced able-bodied subjects showed that the highest contact force
occurred in the phase where the crank is pulled towards the subject and lifted up, which is
between 270 and 0°. The highest amount of total force, however, was applied to the
crank while pulling the crank down and towards the subject (210°-300°). A typical
example is shown in figure 4.3.
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Figure 4.3. Typical example (n=1) of the glenohumeral contact force and the total force at
4% (56.4W) at 1.66m/s, visualized from the right hand side of the handbike. 0° is the
position where the crank is aiming towards the subject sitting in the handbike.

Muscle forces
The highest mean value of absolute muscular force over the cycle was seen in the
scapular part of the deltoid, which reached mean forces of 175N and peak forces of 344N
(figure 4.4). The muscle with the highest peak values of absolute force was the triceps,
which reached mean forces of 150N and peak forces of 525N. Further, the trapezius was
also one of the most activated shoulder muscles with mean forces of 125N and peak
forces of 290N.
Analyzing the relative muscle force, the deltoid (scapular part) was the muscle showing
the highest values. At the 4% incline, the scapular part of the deltoid produced 10% of its
maximal force over the propulsion cycle and reached peak values of 20% (figure 4.5).
Other muscles, which reached peak values of more than 20% of their modeled maximal
force capacity, were infraspinatus, supraspinatus and the clavicular part of the deltoid.
Muscles that were least active were teres minor and teres major with relative mean forces
of less than 3%.
Regarding the influence of the test condition, all mean and peak muscle forces increased
significantly with higher incline (p<0.05). While in propelling at increased speed the
triceps (p<0.001), deltoid (clavicular part, p=0.033) and the pectoralis major (p=0.032)
produced significantly lower force over the whole cycle while the mean forces of teres
minor increased significantly (p=0.017). Concerning the peak forces only the value of the
triceps (p<0.001) decreased significantly with higher velocity (figure 4.4, figure 4.5).
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Figure 4.4. Mean and peak absolute muscles forces (n=10). * significantly different for the
incline conditions (1% (15.0W) vs. 4% (56.4W) with 1.66m/s), p<0.05. # Significantly
different for the speed conditions (1.39m/s (32W) vs. 1.94m/s (30W)), p<0.05.

Discussion
Glenohumeral contact forces
The glenohumeral contact force increased while propelling at the higher incline due to
the higher power output and consequently the higher external force applied to the crank
(table 4.1). While propelling with a higher speed, and therefore a higher cadence at equal
power output, the external force decreased. The glenohumeral contact force, however,
did not change (figure 4.2) similar to the force produced by most of the shoulder muscles
(figure 4.4). At the faster speed conditions the shoulder muscles produced therefore
muscle force which did not contribute to the external force. In previous studies on
handrim wheelchair propulsion it has been shown that with higher angular velocity of the
rim, and therefore faster extension of the shoulder and elbow joint, the force application
214
became less effective .
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Figure 4.5. Mean and peak relative muscles forces (n=10). * significantly different for the
incline conditions (1% (15.0W) vs. 4% (56.4W) with 1.66m/s), p<0.05. # Significantly
different for the speed conditions (1.39m/s (32W) vs. 1.94m/s (30W)), p<0.05.
The results of the glenohumeral contact forces of this study, compared to mean values
reported during activities of daily living, showed that glenohumeral contact forces
201
88
4
measured during weight-relief lifts , pushing a cart , lifting a 10kg suitcase and
4
walking with a cane were higher (800N, 470N, 1750N and 1241N, for each activity
respectively) than values measured in this study (figure 4.2).
To evaluate if handcycling is a more optimal alternative propulsion mode for persons
depending on a wheelchair the glenohumeral contact forces of both devices should be
208
compared. To date only one study on wheelchair propulsion
is comparable to the
present study, since they measured glenohumeral contact forces at comparable
conditions and reported on both the push and the recovery phase. During wheelchair
propulsion at 10W and 20W mean contact forces were reported between 500 and 850N
during the push phase and between 300 and 400N during the recovery phase (table 4.2).
When comparing the glenohumeral contact force of both devices during the whole
propulsion cycle, wheelchair propulsion (10W) resulted in 40% higher value than
handcycling (15W, table 4.2).
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This difference between devices cannot be attributed to the difference in external force
since the mean external applied force during handcycling was higher than during
wheelchair propulsion at 10W. Other than the amount of the external force, also its
direction could have been a reason for the lower glenohumeral contact forces in
handcycling. The force applied during the guided circular movement of handcycling in
front of the body might have led to lower moments acting on the shoulder joint. In turn,
this would have resulted in a lower glenohumeral contact force.
The continuous force application of handcycling was a further factor why the
glenohumeral load in handcycling was lower. In wheelchair propulsion an idle period
exists, where the hands have to be brought back to the starting point on the pushrim.
Obviously, this movement also generated glenohumeral contact forces even though no
force was applied to the pushrim. During this recovery phase, Veeger et al. calculated
mean glenohumeral contact forces which were 70% of the mean values calculated during
208
the push phase . The intermittent force application of wheelchair propulsion further
provoked the high peak values of glenohumeral contact force. In wheelchair propulsion,
the external force had to be applied to the pushrim during only half the time of the
propulsion cycle, whereas in handcycling the external force could be applied more evenly
to the crank during the whole cycle. This resulted in a less prominent peak. Veeger et al.
208
calculated peak values of 1000 to 1370N during wheelchair propulsion
while the forces
found for handcycling were less than half of these values (table 4.2).
Table 4.2. Comparison of results the from handbike (HB) propulsion with results from
previous studies conducted in wheelchair (WC) propulsion. The results of wheelchair
propulsion are given for the push phase and for the propulsion cycle, which includes push
and recovery phase.
Ftot [N]
GH contact force [N]
push phase cycle push phase
cycle
Study
Device PO [W]
mean
mean
mean
mean
peak
Veeger 2002
WC
10.0
19.6
8.0
640
439
1000
20.0
30.0
14.4
850
616
1370
present study
HB
15.0
12.8
273
519
Analyzing the distribution of the forces over the propulsion cycle showed that the highest
external force was on average applied pulling the crank down (210-270°, figure 4.3). In this
section Ftot was to some extent produced by the weight of the arm. The highest amount
of glenohumeral contact force, however, was produced during pulling and lifting up the
crank (270-0°, figure 4.3). This was the time period where external force had to be
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produced against gravity and therefore muscles were more active. Additionally, the
distance from the shoulder to the handgrip was low which resulted in a smaller moment
arm with which the propulsion force could be produced. Therefore, higher muscular force
was needed to produce that propulsion force.

Muscle forces
The scapular part of the deltoid, the triceps and the trapezius were the muscles that
produced the highest force throughout the propulsion cycle (figure 4.4). Considering the
produced force in relation to its maximal force gave information about muscular load.
The scapular part of the deltoid produced the highest relative force of 8 to 10%
throughout the cycle and peak values up to 21% (figure 4.5). In general, muscles which
were mainly active during the pull phase of the propulsion cycle (180°-360°, figure 4.3),
such as the deltoid (scapular part), biceps, trapezius and serratus anterior produced
higher forces than muscles mainly active during the push phase. These findings could be
explained by the fact that most of the power was produced during the pull phase. The
results of EMG studies conducted during handcycling or arm cranking support these
67
findings. Faupin et al.
reported high peak activities, measured as percentage of
maximal voluntary contraction, of the trapezius (descending part, 70% MVC), the biceps
(55%MVC) and the deltoid (clavicular part, 45% MVC) during handcycling. Also during
26
arm cranking Bressel et al.
reported the highest value of muscle activation in the
biceps. The identification of the most active muscles of the model outcomes in this study
corresponded with the findings of the EMG studies mentioned above. The magnitude of
the muscle activation measured with EMG, however, cannot be compared with the values
calculated with the inverse dynamic model since the EMG-force relationship is unknown.
Comparison of the muscle forces from the present study with results of wheelchair
208
propulsion at conditions where similar external force was applied , showed that mean
and peak values measured during handcycling were lower. At a mean applied hand force
of 33N, peak forces were considerably lower in handcycling than in wheelchair propulsion
(applied force of 30N) because force was applied continuously to the crank and more
muscles were used to produce the force (flexors and extensors). Concentrating on the
shoulder joint, the highest mean values of muscle force produced over the push phase of
wheelchair propulsion were measured in the supraspinatus (31%), infraspinatus (21%) and
subscapularis (17%), which are all muscles of the rotator cuff. In the present study the
highest mean values were found in the scapular part of the deltoid (10%). These results
showed that the rotator cuff, which is prone to overuse symptoms, produced a high
relative force during wheelchair propulsion. In handcycling, however, these muscles were
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not particularly stressed; they all produced a mean relative force of 6%. Due to the fact
that the rotator cuff was less stressed during handcycling, these findings could indicate
that handcycling might indeed be a good alternative mode of propulsion in order to lower
the injuries on the rotator cuff.
Over all it seems that the shoulder muscles were also more equally stressed during
handcycling compared to handrim wheelchair propulsion. This was caused by the circular
pattern of handbike propulsion where propulsion force can be produced by the extensors
and flexors. Thus, more muscles were used at lower intensity level and the risk of overuse
of single muscles was evidently reduced.

Study Limitations
The handbike used in this study was a typical handbike used for activities of daily living.
The position of the subject in the handbike was not individualized since the handbike was
a rather fixed construction. The position of the crank with respect to the shoulder was not
the same for all subjects and therefore the moment arm of the forces acting on the
shoulder joint differed. This could individually have lead to higher glenohumeral contact
forces. Future studies focusing on the setup of the handbike with respect to the subject
might indicate to what extent the handbike setup has an effect on shoulder load.
Nikooyan et al. showed that during dynamic motions the glenohumeral contact forces
130
are well predicted by the DSEM model for arm elevations below 60° . The fixed
handbike construction resulted in a slightly different range of motion between subjects.
However, only in three subjects the arm elevation reached values above 60°. In these
subjects the maximal elevation was 65° which does not limit the validity of the overall
results.
The subjects in this study were able-bodied and non-experienced in handcycling. This
group was chosen because it was expected that they would respond relatively
homogeneous to handbike exercise since they were equally inexperienced and had no
restriction due to disabilities. For transferring the results to the population of persons
with spinal cord injury, one has to keep in mind that due to the potential loss of muscle
function the relative muscle force might as well be higher as reported in this study. Mainly
for persons with a high lesion the muscle force needed for handcycling is distributed over
fewer muscles, which could increase the actual stress on these remaining muscles and
could result in higher forces on the shoulder joint.
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Conclusions
This initial comparison showed that due to the circular movement of the hands and the
continuous force application, mean and peak glenohumeral contact forces, as well as
muscle forces are clearly lower during handcycling compared to wheelchair propulsion.
These findings support the assumption that handcycling is mechanically less straining
compared to handrim wheelchair propulsion which may reduce the risk of overuse to the
shoulder. Therefore, based on this study, the handbike can be recommended as means of
transportation for longer distances outdoor or as a training device to build up shoulder
muscle strength and protect these muscles from overuse. To strengthen this statement,
further studies on the direct comparison of wheelchair and handbike propulsion under
different propulsion conditions should be performed.
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Abstract
Objective: To compare the shoulder load during handcycling and wheelchair propulsion
under similar conditions of external power in persons with spinal cord injury.
Methods: Kinetics and kinematics of eight men with spinal cord injury were measured
during handbike and wheelchair propulsion at 25, 35, 45 and 55W on a treadmill. Shoulder
load (glenohumeral contact forces, relative muscle forces) was calculated with the Delft
Shoulder and Elbow Model.
Results: At all power output levels, glenohumeral contact forces were significantly lower
during handcycling compared with wheelchair propulsion (p<0.001). At 55W, the mean
glenohumeral contact force was 345N for handcycling, whereas it was 585N for
wheelchair propulsion. Also relative muscle forces were lower during handcycling. The
largest differences between handbike and wheelchair propulsion were found in the
supraspinatus (4.5% vs. 20.7%), infraspinatus (3.7% vs. 16.5%) and biceps (5.0% vs.
17.7%).
Discussion: Due to continuous force application in handcycling, shoulder load was lower
compared to wheelchair propulsion. Furthermore, muscles that are prone to overuse
injuries were less stressed during handcycling. Therefore, handcycling may be a good
alternative for outdoor mobility and may help prevent overuse injuries of the shoulder
complex.
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Introduction
Optimizing physical capacity and muscle strength through regular exercise is important
94
for persons with spinal cord injury (SCI) . Good physical condition helps with the effort
of activities of daily living, and helps prevent long-term health problems, such as diabetes
34
or cardiovascular diseases . The handrim wheelchair is the device mainly used for daily
mobility, as well as for sports and training purposes. However, handrim wheelchair
45, 172
propulsion is physiologically and mechanically straining
. The high peak forces
applied to the pushrim and the repetitive forces acting on the shoulder joint have been
58
associated with injuries of the shoulder joint, mainly overuse injuries of the rotator cuff .
Since wheelchair propulsion is the main mode of mobility for persons with SCI, its
frequent use contributes to the high prevalence of upper extremity injuries in persons
16
11, 136
with SCI , which ranges from 30 - 73%
. This prevalence of shoulder pain is three
111
times higher than that of the general population . Since persons with SCI rely on their
arms for mobility and activities of daily living, shoulder pain will affect their
independence, their participation in the community, and their quality of life. Therefore,
there is a need to study alternative modes of wheelchair propulsion, where shoulder load
and consequently the risk for injuries of the upper extremity, are expected to be lower.
The handbike is one of the alternative modes of propulsion, that is increasingly used for
regular exercise, and which is a good alternative to handrim wheelchair propulsion since it
45, 188
is more efficient and physiologically less straining
. Whether it is also a good device
for the prevention of shoulder problems has not been yet investigated in detail. A recent
study has quantified the shoulder load (glenohumeral contact force and relative muscle
5
forces) of able-bodied subjects during handcycling . Comparison of the results with
201, 208
findings from earlier studies of wheelchair propulsion
has shown that the shoulder
load is lower during handcycling. These findings should be verified in a direct comparison
between handcycling and handrim wheelchair propulsion in the SCI population. The aim
of the present study is to compare the shoulder load during handcycling and wheelchair
propulsion in persons with SCI. Shoulder load will be calculated using a biomechanical
model and quantified as joint and muscular load. Previous studies on mechanical load
during handcycling and handrim wheelchair propulsion suggest that both joint and
muscular load will be lower during handcycling.
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Methods
Subjects
After providing written informed consent, eight men with paraplegia participated in this
study. Subjects were eligible to participate if they perform handbike sports on a weekly
basis. Exclusion criteria were current shoulder complaints or previous shoulder surgery.
Subjects’ characteristics are listed in table 5.1. The study was approved by the local ethics
committee.
Table 5.1. Subject characteristics, n=8.
Age Weight Height Time since Heart rate Training AIS
[y]
[kg]
[m]
injury [y] rest [bpm] [h/week] score
1
47
76
170
11
49
18
C
2
43
70
178
23
80
1
A
3
25
79
170
25
82
14
A
4
39
73
184
19
94
5
A
5
35
66
186
9
84
6
A
6
29
95
187
9
70
2
A
7
41
86
185
6
80
3
A
8
47
85
179
31
68
13
A
Mean 38
79
1.80
17
76
10
SD
8
1
0.07
9
14
8
Abbreviations: SD: standard deviation, AIS: AISA impairment scale

Lesion
Used
level wheelchair
L1
own
Th4-5
lab
L3-L4
lab
Th4-5
own
Th2
own
Th4
lab
Th4
lab
Th2
own

Experimental Design
After familiarization with the experimental procedure and setup, subjects propelled the
handbike (figure 5.1) and the wheelchair on a motor driven treadmill (Mill, Forcelink B.V.,
Culemborg, The Netherlands) at power output levels of 25, 35, 45 and 55W, regulated
206
with a pulley system . The individual drag force, to define the extra weight acting on
189
the pulley system, was determined in a separate drag test .
The duration of each exercise block, at a certain power output level, was 3.5 min and data
were collected during the last 30 s. Between the exercise blocks a rest period of three
minutes was given.
To simulate an everyday propulsion speed, the belt velocity was set to 1.66m/s for the
18, 43
handbike and 1.11m/s for the wheelchair, similar to earlier studies
. The gear ratio of
the handbike was fixed throughout the experiment at 0.741, which resulted in a cadence
43
of 52rpm. This cadence has been found suitable for submaximal handcycling .
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Both propulsion devices were tested on the same day in randomized order with a rest of
45 minutes in between.

Kinetics
The handbike used in these experiments was an attach-unit system (Tracker Tour, Double
200
Performance, Gouda, The Netherlands) with a synchronous crank setting (figure 5.1).

Figure 5.1.
Subject sitting in the
handbike, with cluster
markers attached to
thorax, left acromion,
upper arm, lower arm
and hand.
The additional front crank-driven wheel was attached to a hand rim wheelchair (Pro
Competition, Cyclone Mobility & Fitness, Bromborough, UK). The external propulsion
forces were measured on the left handle bar with a special purpose crank unit (Faculty of
Human Movement Sciences, VU University, Amsterdam, The Netherlands), which
200
recorded three-dimensional forces at 100Hz . The measured forces were transformed
to the local coordinate system of the crank (tangential, radial, lateral) and to forces in the
200
global coordinate system . Produced external power output (POhandbike) was calculated
under the assumption that equal forces were applied with the left and right hands. Power
output of handcycling was calculated from the product of the tangentially applied force
component and the linear velocity of the crank system:
102

The external forces during handrim wheelchair propulsion were measured with a
SmartWheel (Three Rivers Holdings LLC, Mesa, Arizona, USA) in the global coordinate
system at 100 Hz. If the SmartWheel fit the subject’s own wheelchair, then the
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experiments were performed in his wheelchair. Otherwise, the wheelchair of the
laboratory was used (Küschall K-Series, Küschall AG, Witterswil, Switzerland). The
wheelchairs were fitted with the SmartWheel on the left side and a dummy wheel on the
18
contra-lateral side . Under the assumption that equal forces were applied with the left
and right hand, power output of wheelchair propulsion (POwheelchair) was calculated from
the measured moment (Mwheel) and the angular velocity (ωhandrim):
185
ω

Kinematics
Synchronous to the kinetic data collection, the kinematics of the upper limb was recorded
at 100Hz with a 6-camera movement analysis system (Oqus, Qualisys AB, Gothenburg,
Sweden). Five unique clusters of reflective markers (4 markers each) were placed on the
trunk and on the upper extremity on the left-hand side (thorax, acromion, upper arm,
forearm and hand, figure 5.1). Prior to the actual experiment, calibration measurements
were performed in which the cluster markers were defined relative to the bony
landmarks. From the cluster markers recorded during the experiment, the positions of the
anatomical landmarks during the actual experiment were reconstructed, as well as the
222
local coordinate systems of the thorax and upper extremity
and in line with previous
201, 208
studies on joint contact forces in wheelchair propulsion
.

Inverse dynamic model
Biomechanical models can be used to quantify the load on musculoskeletal structures,
207
such as the shoulder joint
. One of the musculoskeletal models for the upper
182
extremities is the Delft Shoulder and Elbow model , which was used in the present
study to calculate the shoulder load. This model can be used in an inverse-dynamic mode
and consists of motion equations describing the mechanical behavior of the upper
extremity, derived by using the finite element method. The model consists of 22 muscles,
divided into 139 muscle elements. For muscles with large attachment sites or with
complex architecture, more than one muscle element is necessary to represent the
mechanical effect of the muscle. The Delft Shoulder and Elbow model has been validated
by comparing the calculated glenohumeral contact force and muscle forces with values
130
measured using an instrumented shoulder prosthesis and EMG recordings .
The input data were mirrored to the right side of the subject since the model represents a
right shoulder and arm. Kinematic input was the position of the incisura jugularis, the
orientations of the thorax, scapula, humerus, forearm and hand. The 3-dimensional
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external forces and moments applied by the hand on the crank (handbike) and the
handrim (wheelchair) served as kinetic input. Output variables used in this study were the
glenohumeral contact force and the relative forces of muscles that were assumed to be
relevant for the shoulder load (supraspinatus, infraspinatus, subscapularis, teres minor,
deltoid, triceps, teres major, trapezius, biceps, coracobrachialis, serratus and pectoralis).
Glenohumeral contact forces are the sum of all forces acting on the joint, thus both
external forces and muscle forces. For comparison with data from previous studies, a
140
minimum stress cost function was used to calculate the muscle forces . The total force
produced by each muscle was obtained by summing the forces of the muscle elements.
Muscle forces were expressed as a percentage of their maximum, based on a force per
2 212
physiological cross-sectional area of 100N/cm .

Data analysis
From the last 30s of each exercise bout, five regular consecutive propulsion cycles were
selected for data analysis. The propulsion cycle of handcycling was defined as one
rotation of the crank, starting at the position where the crank was parallel to the
propulsion surface and the handle bar aimed towards the person sitting in the handbike
(figure 5.1). In wheelchair propulsion, the propulsion cycle was defined as the
combination of the push and the recovery phase. The push phase was defined as the time
period where the hand exerted a positive torque around the wheel axis. The period where
the hands went back to the starting point of the push was defined as the recovery phase.
To reduce model calculation time, all input data were resampled to 50Hz and filtered with
a second order lowpass Butterworth filter with a cutoff frequency of 10Hz.
The mean and peak glenohumeral contact force and muscle forces per cycle were
calculated and subsequently averaged over the five consecutive propulsion cycles.

Statistical analysis
A Wilcoxon signed-rank test was performed to test whether the power output during
handbike and wheelchair propulsion was identical. The power output at the highest level
differed significantly between handbike and wheelchair propulsion (table 5.2).
To account for this difference, a linear mixed model, which included power output as a
covariate (random effect), was used to analyze the influence of the propulsion device on
the shoulder load (mean and peak glenohumeral contact force and relative muscle
forces). The fixed effect factor used in the model was the device (handbike vs.
wheelchair). Level of significance was set at p<0.05.
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Table 5.2. Measured power output: mean (SD) for wheelchair and handbike propulsion at
each level and outcomes of the Wilcoxon signed-rank test.
Level
25W
35W
45W
55W
POhandbike [W]
26.5 (3.2)
35.7 (4.2)
44.9 (4.0)
52.8 (4.3)
POwheelchair [W]
29.5 (3.2)
39.3 (3.8)
48.6 (4.5)
58.2 (4.8)
p
0.050
0.099
0.158
0.028 *
* significant differences in PO between handbike and wheelchair propulsion, p<0.05

Results
Glenohumeral contact force
Joint loading, expressed as the glenohumeral contact force, was significantly lower for
handcycling than for wheelchair propulsion at all power output levels (p<0.001) (figure
5.2).
Figure 5.2.
Mean
and
peak
glenohumeral contact
forces and standard
deviations of wheelchair (WC) and handbike (HB) propulsion
at different power
output levels (n=8).
*significant
difference between wheelchair and handbike at
all levels, p<0.001.
At the least straining condition of 25W, which represents an everyday condition for
wheelchair propulsion, the mean glenohumeral contact force was 268N for handcycling,
whereas for wheelchair propulsion a mean glenohumeral contact force of 347N (+29%)
was measured.
At the most straining condition (55W), the mean value of the glenohumeral contact force
during handcycling was 345N. During wheelchair propulsion in the same condition, a
mean glenohumeral contact force of 585N was measured, which is 70% higher than
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during handcycling. The differences of the peak values were even more pronounced with
773N during handcycling and 1510N during wheelchair propulsion.
The glenohumeral contact forces during handcycling were evenly distributed over the
propulsion cycle with the highest forces measured around the end of the cycle. This is at
the point where the crank was aiming towards the subject (figure 5.3). During wheelchair
propulsion, a distinct peak of glenohumeral contact force was measured in the middle of
the push phase and smaller peaks were identified at the start and at the end of the
recovery phase (figure 5.3).

Figure 5.3. Typical example (subject 5) of the glenohumeral contact forces over one
propulsion cycle at a power output of 55W for both handcycling and wheelchair
propulsion. Standard deviations are visualized in grey.

Muscle force
This study showed that for each of the power output levels the relative muscle forces
were lower during handcycling compared with handrim wheelchair propulsion. The
analysis of individual muscles showed, that the mean and peak relative muscle forces
were lower during handcycling for the majority of the shoulder muscles (p<0.001), as
shown in figure 5.4. The exceptions were the clavicular part of the deltoid (p<0.001) and
the teres major (p<0.001), which produced more relative muscle force during
handcycling. No significant differences were found for the mean values of the
subscapularis (p=0.090), the scapular part of the deltoid (p=0.343) or the triceps (p=0.291)
(figure 5.4). The highest difference in muscle force between the two propulsion devices
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was found in the supraspinatus, the infraspinatus and the biceps. The peak values of the
biceps and supraspinatus muscle were 2.3 times and 3.3 times, respectively, higher during
wheelchair propulsion at 55W compared with handcycling (figure 5.4).

Figure 5.4. Mean and peak relative muscles forces and standard deviations at a power
output of 55W (n=8), calculated by the Delft Shoulder and Elbow Model. Significant
difference between wheelchair (WC) and handbike (HB) over all levels (p<0.001):
*handbike<wheelchair #handbike>wheelchair.
In handcycling, the muscles produce force over the whole propulsion cycle and are
recruited in a balanced manner (figure 5.5) In contrast to handcycling, some of the
shoulder muscles are used much more during wheelchair propulsion. High muscle forces
were produced during the push phase, as well as at the start and the end of the recovery
phase. In the push phase and towards the end of the recovery phase, the supraspinatus
and infraspinatus were most active. At the beginning of the recovery phase, the most
active muscles were the scapular part of the deltoid and the serratus anterior (figure 5.5).
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Figure 5.5. Typical example (subject 5) of muscle forces over one propulsion cycle at a
power output of 55W. Muscle forces were calculated by the Delft Shoulder and Elbow
Model.

Discussion
The clinical purpose of this study was to determine whether the handbike is favorable for
the prevention of shoulder problems in persons with spinal cord injury. Multiple factors
related to propulsion can influence the risk of overuse injuries to the shoulder, such as the
amount and direction of the force acting on the joint, the unbalanced use of shoulder
muscles or the joint orientation during activity. The present study concentrated on the
comparison of glenohumeral contact force and relative muscle forces experienced during
handbike and wheelchair propulsion. As expected, the results showed that the shoulder
load was lower in handcycling compared with handrim wheelchair propulsion.

Glenohumeral contact force
Both mean and peak glenohumeral contact force were considerably lower during
handcycling than during wheelchair propulsion. Due to the continuous force application,
the applied force and thus the glenohumeral contact force were more evenly distributed
5
over the whole propulsion cycle. As found in a previous study on able-bodied subjects ,
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the peak glenohumeral contact force occurred around the point where the crank was
aiming toward the subject (figure 5.3). At this point, the crank had to be lifted against
gravity. In addition, the distance from the shoulder to the handgrip was small, which
resulted in a smaller shoulder moment arm with which the propulsion force had to be
produced. To produce the required external force, more muscles were active during this
phase during than the rest of the propulsion cycle (figure 5.5). The sum of these muscle
forces resulted in increased glenohumeral contact force.
The mean and peak glenohumeral contact forces found in this study were slightly lower
5
than reported in a previous study on able-bodied subjects . The fact that the persons
participating in this study were all well trained handbike users, and might have had a
better propulsion technique and coordination, might account for that difference. Also in
wheelchair propulsion the measured glenohumeral contact forces were lower than in
208
comparable studies . The pattern of glenohumeral contact force, however, was the
208
same . The high peak values found in handrim wheelchair propulsion compared with
handcycling resulted from the intermittent force application. All propulsion force had to
be applied during the short time of the push phase, which was 55% of the whole
propulsion cycle in this study. This inevitably resulted in higher mean and peak values of
the applied force, which led to higher glenohumeral contact forces than found during
handcycling. The short time of force application goes along with a high rate of rise of the
149
propulsion force, which has been associated with a higher risk for joint injuries .
There were also two smaller peaks of glenohumeral contact force during the recovery
phase of wheelchair propulsion, where no force was applied to the pushrim. The first peak
occurred at the beginning of the recovery phase, where the movement of the arm
changed from flexion to extension (figure 5.3). At this point, the scapular part of the
deltoid and the serratus were most active and contributed to the high glenohumeral
contact force peak (figure 5.5). The second peak occurred at the end of the recovery
phase, where the extension movement stopped and the hands were brought back to the
starting position of the next push (figure 5.3). At this point, the infraspinatus and
supraspinatus were most active (figure 5.5). Between these peaks, when the hands were
swinging back, almost no glenohumeral contact force was present. The pattern of
glenohumeral contact force during recovery phase might depend on the propulsion style
52
used . Performing a circular style, where the hands are swinging back to the starting
point below the rim, will probably result in lower peak glenohumeral contact forces than
returning to the start of the push with the hands moving back over the rim (single loop
over propulsion).
Summarizing the results from a clinical perspective, the higher mean, and especially the
higher peak glenohumeral contact forces found during handrim wheelchair propulsion
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point to a higher risk for overuse injury, since the repetitive, high forces acting on the
71, 205
shoulder joint have been associated with injuries of the shoulder joint
.The higher
glenohumeral contact forces during wheelchair propulsion resulted from the intermittent
149
force application, and the associated high rate of rise is a further risk of joint injuries .

Muscle force
The magnitude and time-series of the relative muscle forces were in accordance with
5, 26, 54, 67
124, 208
previous studies of handcycling
and handrim wheelchair propulsion
.
Comparing the two devices, the relative muscle forces were lower in handcycling than in
handrim wheelchair propulsion. During handcycling, the load was spread over all muscles
involved; they produced a relative muscle force less than 10% of its maximal value. During
wheelchair propulsion, however, some of the muscles were relatively highly stressed. The
highest difference of relative muscle force between the two devices was found in the
supraspinatus (20.7% vs. 4.5%) and infraspinatus (16.5% vs. 3.7%, figure 5.4), which are
both part of the rotator cuff. The function of the rotator cuff muscles is to maintain a
congruent contact between the humeral head and the glenoid by producing a
compressive force component such that the contact force is directed inside the glenoid
167
surface, preventing subluxation, whilst contributing to the necessary shoulder torques .
If the contribution of rotator cuff muscles is hampered by dysfunction or fatigue, the
humeral head can translate superiorly due to insufficient compensation of external forces
or the force components of prime movers such as the deltoid or pectoralis. It has been
hypothesized that an excessive superior humeral head translation, and its accompanying
57
narrowing of the subacromial space, will lead to subacromial impingement syndrome ,
which is the most common disorder in the shoulder joint of wheelchair dependent
58
persons .
The results of this study showed that the supraspinatus and infraspinatus are more than
averagely active during wheelchair propulsion. It is therefore possible that an intensive
use of wheelchair propulsion, as it occurs during training and sports, leads to (excessive)
fatigue of the rotator cuff muscles and consequently to an increased risk of impingement
syndrome. Since the rotator cuff muscles are less stressed during handcycling, this device
seems to be a good alternative propulsion mode for preventing this type of overuse
injuries.
In conclusion, the shoulder load, assessed as the glenohumeral joint load and the
muscular load, was lower in handcycling compared with handrim wheelchair propulsion.
Moreover, some muscles of the rotator cuff (infraspinatus and supraspinatus), which are
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most prone to overuse injuries in wheelchair-dependent persons, were less stressed
during handcycling. These results showed that the handbike is a good alternative
propulsion mode for outdoor mobility and exercise that might reduce the development of
impingement and related problems.

Study Limitations
In this study we used a general inverse dynamics model, based on the geometrics of a
cadaver. With an individualized model, i.e. by scaling to subject’s dimensions, the
130
calculated forces would be closer to the real forces on the individual level . However, on
the group level, which was analyzed in this study, scaling will not affect the conclusion
that the shoulder load is lower in handcycling compared with handrim wheelchair
propulsion. To optimize the validity and generalization of the results, subjects with SCI
were included who did not have loss of function in the studied muscles due to their lesion
level.
The handbike used in this study could not be individually adjusted to each subject, which
resulted in different handbike-user interfaces. Thus, the position of the crank with respect
to the shoulder was not the same for all subjects, and the moment arm of the forces
acting on the shoulder joint, therefore, differed. This could have affected differences in
glenohumeral contact forces between individuals. Future studies focusing on the setup of
the handbike with respect to the subject might indicate to what extent the handbike
setup has an effect on shoulder load.
If the SmartWheel did not fit the subject’s own wheelchair, the subjects used the
wheelchair from the laboratory, which was not fitted to the subjects. A secondary analysis
showed, however, that the subjects using the laboratory wheelchair did not experience
different glenohumeral contact forces or muscle forces compared with subjects using
their own wheelchair.
The force sensor was attached to the left handgrip of the handbike, therefore, the applied
forces were measured only on the left-hand side during handbike and wheelchair
propulsion. We assumed the forces applied by the left and right hands to be equal since
Boninger et al showed that forced measured on the left- and right-side of the wheelchair
15
were highly correlated . This will also apply to the handbike since the subject propelled
straight on the treadmill using synchronous cranks.
The achieved power output was not identical between handbike and wheelchair
propulsion. The cause is probably related to the sitting position. The sitting position
during handcycling is fixed and is therefore the same during the drag test and during
handcycling. Thus, the position of the center of mass does not change and the drag force
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to overcome is constant. The sitting position during wheelchair propulsion is more
variable and might not be the same during the drag test and during the actual propulsion
189
test . This resulted in a difference between the intended and the achieved power
output. We corrected for the effect of power output in our statistics where we included
power output as a covariate.
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Abstract
Objective: The aim of this study was to analyze what different handbike propulsion styles
are being used under standardized laboratory conditions and to evaluate whether some
styles are more efficient than others.
Methods: Twelve men with spinal cord injury performed submaximal handcycling trials
on a treadmill with a velocity of 1.67 m/s at imposed power output levels of 25, 35, 45, 55
and 65 W (regulated with a pulley system). Oxygen consumption was continuously
recorded to calculate the mechanical efficiency and forces applied to the crank were
recorded to define the propulsion style. A mixed model analysis was performed to test
whether the efficiency was related to the propulsion style or the power output.
Results: Two different propulsion styles were found: the pull style and the pull plus style.
During the lower power output conditions, mainly the pull plus style was used. With
higher power output levels the pull style predominated. The statistical analysis showed
that the mechanical efficiency was not significantly different between the styles
(p=0.995), but mechanical efficiency was clearly dependent on the power output
(p<0.001). With higher power output, the subjects propelled the handbike more efficient.
Discussion: It could not be concluded that one propulsion style is most efficient.
Therefore, subjects seem to choose the style which is most economical, depending on the
power output level.
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Introduction
To prevent secondary health problems, such as diabetes or cardiovascular diseases,
34
physical activity is very important for people who are wheelchair dependent . Exercise in
addition to the activities of daily living can easily be performed with a wheelchair, since
nowadays the wheelchairs are sophisticated, and different models are available for
recreation and sports. Another mode of wheeled mobility outdoors for sports or
recreation is handcycling. Handcycling is a form of manual wheelchair propulsion in which
a tricycle is propelled with the upper extremities by means of a crank system. The
propulsion is done by a synchronous, circular movement of the hands, which hold the
handgrips of the crank in front of the body. Most handbikes are equipped with a gearing
system and are adaptable to its user. There are different handbike models available for
82
different purposes . Handbikes can either be propelled by arm power only or by the use
82
of both arm and trunk for power production . Concentrating only on arm-powered
handbikes, there are two different models. Handbikes used for sport and competition
have a rigid-frame and the position of the person in the handbike is supine. If the
handbike is used for recreation or activities of daily living, a crank system with an
additional wheel can be attached to the users own wheelchair. This attach-unit system
allows for a combined use of wheelchair and handbike, and the strenuous task of a
transfer is not needed. The current study concentrated on handbikes used for daily living
and thus an attach-unit handbike, where the subjects sit upright, was studied.
Handcycling has become increasingly popular among wheelchair users for commuting as
45, 92
well as for sports and recreational purposes
. This is also reflected in the inclusion of
handcycling as a Paralympic discipline in 2004, which shows the importance of
handcycling as a sport for wheelchair dependent athletes. The popularity of the handbike
may be explained by the ability to commute or perform outdoor activities and sports over
longer distances, for a longer duration and at relatively high speeds, compared to
189
wheelchair propulsion, without experiencing excessive fatigue or discomfort
.
Handcycling and arm crank exercise have been shown to be more efficient and physically
45, 84, 115, 188
less straining in comparison with wheelchair propulsion
. The oxygen uptake,
minute ventilation and heart rate are lower compared to hand rim wheelchair propulsion
45
during submaximal exercises at comparable power output levels . The gross mechanical
83, 115, 192
efficiency of hand rim wheelchair propulsion was found to be as low as 2-10%
,
10, 45, 218
while the gross mechanical efficiency for handcycling was around 6-15%
. This
higher mechanical efficiency is suggested to be associated with the continuous,
synchronous and less complex form of arm movement in handcycling, where a number of

85

Chapter 6

different muscles produce external work more evenly spread over the full duration of the
45, 84
cycle
.
If handcycling is performed in a rehabilitation or recreational setting, i.e. to increase
physical activity, the person aims to perform handcycling for an extended duration. If the
handbike is used in a sports setting, the aim is mainly to maximize the velocity. For both
situations it is important to understand how the handbike can be propelled most
efficiently. Even though the movement of the arms is predetermined by the arm crank, it
is still possible to propel with different styles. Propulsion styles can be described through
the pattern of force application: the propulsion moment can be generated by only
pushing during the first half of the cycle, by only pulling during the second half of the
cycle, or by applying force during the complete cycle, referred to as circular. To our
knowledge, only two studies described the propulsion style in arm crank exercise by
217
103
analyzing the within-cycle torque
or work distribution
and none of these studies
related it to mechanical efficiency.
The aim of this study was to analyze which propulsion styles are being chosen by persons
with spinal cord injury performing submaximal synchronous handbike exercises on a
motor driven treadmill and to evaluate whether some styles are more efficient than
others.

Methods
Subjects
Twelve subjects with paraplegia performed a submaximal multistage handcycling
exercise test in an instrumented attach-unit handbike on a motor driven treadmill in a
clinical research laboratory. Inclusion criteria were age (between 18 and 55 years), at least
two years post injury, handrim wheelchair user and experience with handcycling (> 2h
training per week). Subjects were excluded if they had a shoulder surgery or current
complaints of the musculoskeletal system of the upper extremities (> 4 on the 0-10 Visual
Analogue Scale).
Before the start of the test, all subjects underwent an examination by a medical doctor to
ensure that all inclusion criteria were met. The medical examination included checking
the level of injury, general health, blood pressure, AIS score, shoulder state, range of
motion and muscle state.
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The local Ethics Committee approved the study protocol and all subjects were verbally
informed about the protocol of the study before they signed a written informed consent.

Handbike
200

The handbike used in this experiment (figure 6.1) was an attach-unit system
(Tracker
Tour, Double Performance, Gouda, The Netherlands). The third, front crank-driven wheel
was attached to a hand rim wheelchair (Pro-Competition, Cyclone Mobility & Fitness,
Bromborough, UK). The three-dimensional external forces on the left handle bar were
200
measured with an instrumented handle with a ample frequency of 100Hz
(Multi-axis
force transducer model FS6-500, Advanced Mechanical Technology Inc., Watertown,
Massachusetts, USA).

Figure 6.1.
Test setup: subject
sitting in the instrumented handbike on
the treadmill.

Experimental setup
Before the actual handbike test, subjects were allowed a five minute warm up to become
accustomed to propelling the handbike on the treadmill and to the different test
conditions. For the actual handbike test, the subjects were asked to propel the handbike
on the treadmill (Mill, Forcelink B.V., Culemborg, The Netherlands) (figure 6.1) with a
velocity of 1.67 m/s at imposed power output levels of 25, 35, 45, 55 and 65 W, regulated
195
with a pulley system . The individual drag force, to define the extra weight on the pulley
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189

system, was determined in a separate drag test . The gear ratio of the handbike was
fixed throughout the experiment at 0.741. This resulted in a cadence of 52rpm which has
139
been found optimal for the used range of power output . The subjects were not
instructed how to propel the handbike.
The duration of each trial, at a certain power output level, was 3.5 min to ensure a steady
state. During the last 30 sec of each trial, oxygen consumption (VO2), carbon dioxide
production (VCO2) and respiratory exchange ratio (RER) were measured with an Oxycon
(Oxycon Alpha, Pan Gas Healthcare, Dagmersellen, Switzerland) to allow the evaluation
of gross mechanical efficiency as well as physical strain. Each trial had to be submaximal,
which was checked by means of the rate of perceived exertion (Borg Categorical 6-20
Scale) after each trial. If a subject reached a value over 17 (very hard) on the Borg scale,
the test was stopped. A rest period of 1.5 minutes was given between each trial.
To describe the propulsion styles, forces applied to the handle bar were measured in the
same 30s time interval through the instrumented handle bar on the left hand side.

Data analysis
The mechanical efficiency (ME) was derived from energy expenditure (EN) and the mean
139
actual power output (PO) as follows :
[%].
EN was calculated from VO2 and respiratory exchange ratio (RER) according to Garby and
72
Astrup .
The forces on the handle bar were transformed to a local coordinate system originated in
200
the crank following van Drongelen et al.
. All variables were calculated as mean values
over the full cycles during the 30 seconds.
PO represents the mean value of the actual power output over the complete cycles. PO
was calculated under the assumption that equal forces were applied to the left and the
right crank. From the tangential force (Ftan) and the velocity of the crank (vcrank) power
102
output was calculated as :
[W] Next to the total power output,
also the power output over the push and pull phase was calculated. Push phase was
defined as the part of the cycle where the crank was rotated away from the subject (from
0 to 180°), pull phase as the part from 180 to 360° where the crank rotated towards the
subject (figure 6.1). The 0° position was defined as the position where the crank was
parallel to the surface, pointing towards the subject (figure 6.1).
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To define the handbike styles, the relationship between the mean power output during
the push phase and the mean power output during pull phase (R push/pull) was used. Five
styles were defined as follows:
1) Pull Plus: PO during the pull phase is considerably higher than during push phase
(Rpush/pull < 0.6).
2) Pull: PO is higher during pull phase than during push phase (0.6 > Rpush/pull < 0.9).
3) Circular: PO during pull and push phase is about the same (0.9 ≥ R push/pull ≤ 1.1).
4) Push: PO is higher during push phase than during pull phase (1.1 > Rpush/pull < 1.4).
5) Push Plus: PO during the push phase is considerably higher than during pull phase
(Rpush/pull > 1.4).
Based on these criteria, a style was assigned for every cycle. To assign a style to the whole
trial, the style had to be used in at least 50% of all cycles. Otherwise the propulsion style
was labeled as unidentified.

Statistics
Descriptive statistics were used to describe the characteristics of the individuals and the
distribution of the styles used at different power output levels. For further statistics a
general linear mixed model was used to account for dependencies in the observations
(repeated measurements). The general linear mixed model is an extension of regression
and ANOVA since it models for group means as fixed effects while simultaneously
modeling for individual subject variables as random effects. Hence it allows one to model
the within-subject dependence and gain a picture of the subject-level pattern of change,
not just the population average pattern of change. Additionally, general linear mixed
models allow each subject to have their own time points of observations with any pattern
60
of missing data .
To analyze the relationship between mechanical efficiency and actual power output,
efficiency was used as the dependent variable and actual power output as a covariate
(fixed effect).
To analyze whether the mechanical efficiency is dependent on the style chosen by the
subject, the general linear mixed model was applied with mechanical efficiency as the
dependent variable. Propulsion style was included as a fixed effect, together with the
actual power output to account for possible relationships. Level of significance was set at
p<0.05.
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Results
Subject characteristics
The mean (SD) age of the twelve included subjects was 38.4 (7.4)years, the mean body
mass 76.6 (9.1)kg and the mean height 1.8 (0.07)m. The average time post injury was 15 ±
8 years (excluding one subject with spina bifida). The lesion level ranged between Th2 to
L3-4. The average number of hours of handcycling per week was 6.0 (5.7) with a range of
0.5 to 18 hours per week.
Two persons did not perform the last exercise bout, because they reached a value over 17
on the Borg scale.

Handbike styles and power output levels
The most common propulsion style was pull, which was used in 40% of all trials (23
times). The pull plus style was used in 28% of all trials (16 times). The other trials could
not be assigned to a certain style, since the subjects used different styles throughout the
30 seconds of data collection.
Figure 6.2 shows that the pull plus style was mainly performed at lower power outputs.
With higher power outputs the number of subjects which used pull plus decreased,
whereas the number of subjects using pull increased. Additionally, with higher power
output the number of trials that could not be assigned to a certain style decreased.

Figure 6.2.
Assignment of the
subjects to the styles
used
at
different
power output levels
(12
subjects
at
condition 25-55W, 10
subjects at condition
65W).
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Mechanical efficiency and power output
It was intended that the subjects propel at power output levels of 25, 35, 45, 55 and 65W.
The actual power output measured during the trials differed slightly, the subject
propelled at mean power output (SD) of 26.5 (3.2), 35.7 (4.2), 44.9 (4.0), 52.8 (4.3) and
61.2 (4.7)W.
In five trials (of 58 trials) a RER higher than 1.0 was measured (range 1.03 to 1.07). These
subjects were not however excluded in the subsequent analysis because of the minor
deviation from 1.0. To calculate ME the RER was fixed to 1.0 for these
conditions/subjects.
A significant quadratic relationship was found when analyzing the mechanical efficiency
in relation to the actual power output (p<0.001). When analyzing the data per subject, the
mechanical efficiency increased for most of the subjects (10 out of 12) up to a power
output of 55W. When propelling at the highest power output level, the mechanical
efficiency dropped in six subjects (figure 6.3):
2
mechanical efficiency=3.81 + 0.35· PO - 0.003· PO

Figure 6.3.
Mechanical efficiency in
relation to the actual
power
output.
The
results are plotted for
each subject (N=12) and
their
dominating
handbike styles are
marked.

Handbike styles and mechanical efficiency
Since the subjects were not equally divided over the styles, no confidence intervals or
means were calculated. The mechanical efficiency ranged from 9.0 to 19.4 % over all
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styles. The median and range of the mechanical efficiency per propulsion style are listed
in table 6.1.
Table 6.1. Descriptive statistics for the mechanical efficiency (ME) over the propulsion
styles.
Style
Pull plus
Pull
Unidentified
Frequency
[number]
16
23
19
ME median [%]
12.3
14.5
12.4
ME range
[%]
9.4 - 14.9
11.3 - 18.5
9.0 - 19.4
The median of the mechanical efficiency of the pull style was higher compared to the pull
plus style, however the statistical analysis showed that the mechanical efficiency was not
significantly different between the styles used by the subjects (p=0.955). As mentioned
above, again a significant correlation between the mechanical efficiency and the actual
power output (p<0.001) was shown. With higher power output, the subjects propelled the
handbike more efficiently.

Discussion
Handbike styles and power output
From the five pre-defined handbikes styles, only two styles were used by the subjects. At
the lowest power output level of 25W, mainly the pull plus style was used. With higher
power output, the use of pull plus decreased, while the pull style was used more often
(figure 6.2). Additionally, with higher power output, the subjects tended to propel more
consistently, which was shown by a decrease in the number of trials that could not be
assigned to a certain style. These findings show that at lower power output, uniformity in
style is less important since it is not necessary to constantly produce power output over
the whole cycle. There, the subjects have apparently chosen to mainly use the muscles
which extend the shoulder joint and flex the elbow joint, which results in pulling the crank
towards the subject. One explanation might be that shoulder extensor muscles have a
higher muscle mass and can therefore produce more force.
At higher power outputs, the use of the pulling strategy is less dominant. Since more
muscle force is required to produce the higher power output, also the shoulder flexors
and elbow extensors are more active. Now the question arises why the circular style,
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where pushing and pulling are balanced, is not employed or whether this style is used at
even higher power outputs.
Krämer et al. analyzed work production of handcycling on an ergometer throughout the
103
propulsion cycle . They found that mainly the push up phase (30°-90°) and the pull
down phase (210°-270°) contributed to work production. Also Verellen et al. studied the
propulsion style by analyzing the within-cycle torque distribution pattern in arm crank
217
exercise on an ergometer . They did not measure the actual torque generation at the
crank, but they recorded the torque generated in the motor of the crank ergometer to
maintain the set power output. Their subjects produced the highest torque during the
push phase (between 50°-140°). While measuring the propulsion torque, the time
component is not taken into account, as done in the present study. Verellen et al. stated
217
that cycle speed increased at the beginning of the pull phase . Since power output
increases with higher speed, the results from Verellen et al. may not disagree with the
results found in the present study.
62, 158

As a comparison, the dominant style used in leg-cycling is the push style
. This is also
99
the style where the highest mechanical efficiency was found . During cycling, the power
production during the push phase is supported by gravity, which is not the case in
handcycling. Due to the position of the handbike crank in front of the user, power is
produced with gravity during the second part of the push phase and during the first part
in the pull phase. We assume that this causes the differences in the propulsion style
between hand- and leg cycling, together with the difference in propulsion strategy
(synchronous vs. asynchronous). In the asynchronous motion of cycling, the force applied
to one pedal influences the opposite limb. Thus, the weight of one leg is always
compensated by the weight of the other leg, which is not the case in a synchronous
motion.

Mechanical efficiency and power output
The mechanical efficiencies measured in the present study are comparable to values
10, 186, 218
reported in previous studies on handcycling
. The subjects showed a higher
mechanical efficiency when performing the test at higher power outputs. This effect was
45, 186, 189, 218
already found in previous studies conducted in handcycling
arm crank
139
exercise . It can be explained by the fact that the mechanical efficiency includes not only
the metabolic power to generate the external power output, but also the metabolic
48
power used for internal processes such as ventilation and trunk stabilization . When the
external power output increases, the relative contribution of the metabolic power used
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for internal processes will become proportionally less, permitting a higher mechanical
efficiency.
The efficiency of handcycling at the highest power output decreased in 6 out of 10
subjects. This might be related to the cycling cadence used in the experiment, since van
der Woude et al. stated that there is a most economical crank rate at a given power
188
output . Powers et al. reported that a cadence of 50rpm was most efficient during arm
139
cranking for power outputs ranging from 15-60W . During handcycling at 30W,
45
Dallmeijer et al. found the highest efficiency at a cadence of 47-55 rpm , whereas
Goosey-Tolfrey et al. found that the cadence of 85rpm was more efficient than a cadence
76
of 70rpm while cycling at 90W . The most efficient cadence seems to increase with
higher power outputs. The used cadence of 52rpm might therefore have been too low for
the last condition in the present study (65W).
The small discrepancy we found between the intended power output levels and the actual
power output during the actual trials was likely related to a different sitting position
during the drag test (hands in lap) and during the actual trials (hands on crank). This
changed the position of the center of mass, which resulted in a change of drag force and
thus of power output. Since the actual power output was included as a covariate in the
statistical analysis, this discrepancy was taken into account and it does therefore not act
as a confounding factor.

Handbike styles and mechanical efficiency
In the present study it could not be observed that one style was most efficient. Median
efficiency of the pull style was higher than that of the pull plus style. But this can be
attributed to the fact that the pull style was mainly used at higher power output levels,
where efficiency is higher. These findings support the general assumption of exercise
research that trained or untrained subjects tend to choose the most economical style. In
51
155
handrim wheelchair propulsion for example, de Groot et al. and Rozendaal et al.
found that subjects seemed to apply the propulsion force in a direction which is a
compromise between the direction which is most effective and the direction which results
in the lowest metabolic cost. Other studies showed that the freely chosen push frequency
in hand rim wheelchair propulsion at any given velocity was close to the optimal push
78, 194
frequency
. This might also be the case in the present study, where the subjects
changed their style with increasing power output.
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Study limitations
The subjects had to use the laboratory’s handbike, which was a handrim wheelchair with
an additional attached front crank-driven wheel. The sitting position in the handbike was
upright. The results from this study can therefore be transferred to a handbike used for
everyday propulsion, but not directly to handbikes used for sports. The different
propulsion styles and the differences in the mechanical efficiency of the styles for
competition handbikes have to be investigated in future studies. Additionally, the
handbike could not be fully adjusted to each subject. The position in the handbike could
have been suboptimal for several subjects, and this effect could also have influenced the
choice of propulsion style as well as results of the mechanical efficiency.
The lesion level of the subjects ranged between Th2 to L3-4. Lesion level could be a
confounding factor with respect to mechanical efficiency. Research in handrim
wheelchair propulsion has shown that persons with a lower lesion level (paraplegia)
propel the wheelchair more efficiently than persons with tetraplegia due to more active
48
muscles and a better stabilization of the trunk . In the present study, only persons with
paraplegia were included. Besides, in the used handbike the sitting position was fixed and
no movement of the trunk was needed therefore lesion level might have not had much
influence. We checked this assumption and the additional statistical analysis showed that
there is no difference in mechanical efficiency between lesion levels.

Conclusions
In handbiking at power outputs of 20-70W on a motor driven treadmill, two different
propulsion styles were predominately used in our study: the pull style and the pull plus
style. During the lower power output conditions, mainly the pull plus style was used. With
higher power output levels, where also mechanical efficiency increased, it was the pull
style which predominated. It could not be concluded that one propulsion style is most
efficient, yet, subjects seemed to adapt the propulsion style to different power output
levels. This suggests that subjects may choose the style which is most economical,
depending on the power output level. However, this requires future studies.
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Abstract
Objective: The aim of this study was to identify optimal handbike setups, assuming that
in such a setup mechanical efficiency is high, while shoulder load is low.
Methods: Thirteen subjects with spinal cord injury (paraplegia) performed handcycling
with different handbike setups at constant power output: four crank positions (two
distances, two heights) and four backrest inclinations. The O 2-consumption, kinetics and
kinematics were measured to calculate mechanical efficiency and shoulder load
(glenohumeral contact force, net shoulder moments and rotator cuff force).
Results: The analysis showed that more upright backrest positions resulted in lower
shoulder load compared to the most reclined position (glenohumeral contact force (260N
vs. 335N), supraspinatus (14.4% vs. 18.2%) and infraspinatus force (5.4% vs. 9.8%)), while
there was no difference in efficiency. Except for a reduction in subscapularis force at the
distant position, no differences in shoulder load or efficiency were found between crank
positions.
Discussion: Recreational handbike users, who want to improve their physical capacity in a
shoulder-friendly way, should set up their handbike with a more upright backrest position
and a distant crank placement.
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Introduction
The handbike is a very functional device for transportation, recreation, fitness and sport
82
for persons who are wheelchair dependent . Compared to wheelchair propulsion, the
43, 188
handbike has been proven to be physiologically less straining and more efficient
,
which allows for activity over a longer duration and at higher speed. The use of the
handbike has further been shown to be less straining to the shoulder joint than handrim
5
wheelchair propulsion . For commuting over longer distances, the handbike is therefore
a good alternative mobility device for wheelchair dependent persons in order to lower the
risk of overuse injuries to the shoulder joint, while at the same time performing the
necessary cardiovascular exercise in an efficient way.
224
There are many types of handbikes available in a variety of sizes and setups
.
Handbikes can be classified by the mode of propulsion: the power for handbike
propulsion can either be generated by the arms only or by a combination of arms and
178
upper body . The present study concentrates on arm-powered handbikes. These
handbikes can be sub-classified further by the type of construction into attach-unit
178
handbikes (AP in figure 7.1) and rigid-frame handbikes (AP1 - AP3 in figure 7.1) .

Figure 7.1.
Classification of armpowered
handbikes.
Source: Double Performance BV, Gouda, The
Netherlands; adapted,
with permission.
The attach-unit handbikes are most suitable for outdoor activities of daily living or for
177
recreational sports . The attach-unit, which consists of a wheel connected to a crank
system, can be attached to the front of the everyday handrim wheelchair. This makes the
strenuous task of transfer unnecessary and it further allows for an alternate use of
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wheelchair and handbike, depending on the situation. The trunk posture is upright, with
backrest inclinations ranging from 60° to 90° (figure 7.1).
The rigid-frame handbikes, which are used in sports, have a lightweight construction with
a low center of mass. The trunk position is reclined with backrest inclinations ranging
from 0° to 60° (figure 7.1). This construction is ideal for stability and reduces the air
178
resistance, which is important for a high performance .
Apart from the classification, there are no clear guidelines on the setup of different
handbike types and on how to adjust them best to their user. In practice, the setup of the
handbike either aims to reduce the air drag (backrest inclination as low as possible), or to
maximize comfort, depending on the purpose. But there is only limited knowledge about
how the body reacts to these different setups and what the corresponding physiological
and mechanical strain is.
Previous studies have investigated different aspects of the handbike or arm crank
ergometer setup: Faupin et al. studied the effect of the backrest positioning on trunk
66
movement and velocity . Regarding the crank position, crank height was studied with
152, 199
40, 199
respect to mechanical efficiency
, cardiorespiratory responses
, locally
199
66
perceived discomfort
and range of motion of the upper extremity . Other aspects of
the crank setup, which were subject to previous studies, were the effect of crank width
64
102
102
and distance on range of motion , crank length on cycling power , cadence
and
76
mechanical efficiency . Further, the effect of different handgrip angles on muscle
25
103
activity and work distribution was studied.
The above-mentioned studies mainly concentrated on physiological responses. Another
relevant aspect is the load on the upper extremities. Repetitive, high forces have been
205
17
associated with a higher risk of overuse injuries to the shoulder complex
and wrist .
Since the prevalence of overuse injuries to the shoulder joint in wheelchair dependent
58
persons is very high , the risk for these injuries should be lowered whenever possible,
while keeping the physical activity level at least at the minimum recommended level.
Thus, an optimal handbike-user interface should not only strive to improve performance,
but also contribute to a lower shoulder load.
To analyze the effect of the handbike-user interface on shoulder load we have chosen to
focus on crank position and backrest inclination. If the handbike is used for competition,
the position of the handbike user is kept as reclined as possible to reach the lowest air
resistance possible. Recreational users do copy this handbike setup, even though it might
not be optimal with respect to shoulder load. We thus analyzed backrest inclinations
ranging from 60° to 15° while the position of the crank was standardized. Further, the
crank position was studied for the recreational setting or everyday use, where the
handbike user sits upright in the handbike with a trunk position of 60°. The aim of the
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study was to identify the setups of the handbike (backrest inclination and crank position)
where the mechanical efficiency is high and the shoulder load is low during submaximal
steady state performance of handbike users with spinal cord injury.

Materials and methods
Subjects
After giving written informed consent, 13 wheelchair dependent persons with spinal cord
injury (4 women, 9 men) participated in this study. Subjects were eligible to participate if
they used their handbike on a weekly basis. Exclusion criteria were current shoulder
complaints or previous shoulder surgery. Subjects’ characteristics are listed in table 7.1.
The local ethics committee approved the study.
Table 7.1. Subject characteristics, n=13.
Subjects Gender Age Weight Height Time since Training AIS
[y]
[kg]
[m]
injury [y] [h/week] score
1
m
41
69
1.84
21
5
A
2
m
48
64
1.73
25
6
A
3
m
32
72
1.87
13
1
A
4
f
39
48
1.73
3
1
A
5
m
49
83
1.79
32
4
A
6
m
37
70
1.68
15
8
C
7
m
53
61
1.78
32
18
A
8
m
44
69
1.86
13
4
A
9
m
45
47
1.72
28
14
A
10
f
35
56
1.69
7
4
A
11
f
36
51
1.65
10
4
A
12
m
44
66
1.78
25
1
A
13
f
31
68
1.67
9
1
C
Mean
42
64
175
18
5
SD
7
11
7
10
4

Lesion
level
TH4-5
TH4
TH3
TH8
TH12
TH10-11
TH4-5
TH6
TH6
TH6
TH9
TH4-5
L1

Handbike setups
The handbike used in these experiments was a stationary handbike construction
consisting of an attach-unit system (Tracker Tour, Double Performance, Gouda, The
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Netherlands), attached with an adaptor to the rigid frame of a sports handbike (Sopur
Shark S, Sunrise Medical, Muri, Switzerland) (figure 7.2). The attach-unit system had a
synchronous crank setting and was fitted with a special purpose crank unit on the left side
(Faculty of Human Movement Sciences, VU University, Amsterdam, The Netherlands).
The handbike recorded three-dimensional forces at 100Hz with an instrumented handle
bar containing a six-axis force transducer (FS6-500, Advanced Mechanical Technology
200
Inc., Watertown, Massachusetts, USA) . The handbike construction was attached to an
ergotrainer for cycling (CycleForce Basic, Tacx B. V., Wassenaar, The Netherlands).

Backrest
inclination

Crank
position

Table 7.2. Description of the handbike setups.
Trial name
backrest crank distance
inclination (elbow angle)
close, high
60°
35°
close, low
60°
35°
distant, high
60°
15°
distant, low
60°
15°
60°
60°
15°
45°
45°
15°
30°
30°
15°
15°
15°
15°

crank height
shoulder height
shoulder height -15% arm length
shoulder height
shoulder height -15% arm length
shoulder height -15% arm length
shoulder height -15% arm length
shoulder height
shoulder height +15% arm length

The backrest inclination of the handbike was adjustable and the adaptor allowed for
vertical and horizontal displacement of the crank with respect to the handbike. For the
analysis of the crank position, combinations of two crank distances (close=elbow angle
15°, distant=elbow angle 35°) and two crank heights (high=shoulder height (acromion),
low=shoulder height -15% of arm length) were studied, while keeping the backrest
inclination constant (table 7.2). To analyze the influence of the backrest inclination, four
inclinations were studied (60°, 45°, 30° and 15°), while keeping the distance of the crank
constant. An upright backrest position was defined as 90°, while 0° was the complete
reclined position (figure 7.2). The height of the crank was adjusted as described in table
7.2. Pilot tests showed that these crank heights allowed the free rotation of the crank for
most of the subjects.

Experimental protocol
After familiarization with the experimental procedure and setup, subjects propelled the
handbike on the ergotrainer. The resistance of the ergotrainer, as well as the cycling
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cadence, was constant for all subjects. The cycling cadence was 69rpm, which has been
142
found suitable for handcycling . The subjects maintained this cadence by cycling at a
given velocity. Submaximal power output was adapted to the subjects’ abilities by using
different gear ratios (table 7.4), but for each subject it was constant throughout the whole
experiment. The appropriate gear ratio was chosen by the subjects in order to cycle at a
23
perceived exertion of 12 - 14 (somewhat hard at a Borg Categorical 6 - 20 Scale ). This
75
should have resulted in approximately 50 - 60% of the peak oxygen uptake , a
submaximal level which has been found suitable for endurance training in trained
97
handbike users .
The trials were conducted in a randomized order. The duration of each trial was 3.5 min
and data were collected during the last 30 seconds. In between the trials a rest period of
three minutes was given.

Figure 7.2. Handbike: setup and measuring devices.

Kinetics
The measured three dimensional forces were transformed to the local coordinate system
200
of the crank (tangential, radial, lateral) and to forces in the global coordinate system .
Power output of handcycling (PO) was calculated under the assumption that equal forces
102
were applied with the left and right hand :
[W]
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Kinematics
The kinematics of the left upper extremity were recorded synchronously to the kinetic
data collection with a 6-camera movement analysis system (Oqus, Qualisys AB,
Gothenburg, Sweden) operating at 100Hz. Five unique clusters of reflective markers were
placed on the trunk and the left side of upper extremity (thorax, acromion, upper arm,
forearm and hand, figure 7.2). Prior to the actual experiment, calibration measurements
were performed with a pointer to define the cluster markers relative to the bony
181
landmarks . With this relationship, the positions of the anatomical landmarks during
the actual experiment were reconstructed from the recorded cluster markers, as well as
the local coordinate systems of the thorax, the scapula and the segments of the upper
222
extremity .

Shoulder load
130

The Delft Shoulder and Elbow model
was used to calculate the shoulder load. This
musculoskeletal model can be used in an inverse-dynamic mode and consists of motion
equations describing the mechanical behavior of the upper extremity, derived by using
the finite element method. The generic model was not scaled to the subject-specific
anthropometry.
Kinematic input to the model was the position of the incisura jugularis, as well as the
orientations of the thorax, scapula, humerus, forearm and hand. The three-dimensional,
global forces applied to the handle served as kinetic input. To reduce model calculation
time, five regular consecutive propulsion cycles were selected and all input data were
resampled to 50Hz and filtered with a second order lowpass Butterworth filter with a
cutoff frequency of 10Hz. The propulsion cycle of handcycling was defined as one rotation
of the crank, starting at the position where the crank was parallel to the propulsion
surface and the handle bar aimed towards the person sitting in the handbike.
Output variables used in this study to describe shoulder load were the net joint moment
around the glenohumeral joint, the glenohumeral contact force and the relative forces of
the rotator cuff muscles. The moments on the glenohumeral joint were expressed as
moment components (flexion and extension, endo- and exorotation, abduction and
adduction) relative to the global coordinate system. The moment components were used
to calculate the resultant net moments on the glenohumeral joint. Glenohumeral contact
force is defined as the sum of all forces acting on the joint, thus both external forces and
140
muscle forces. Muscle forces were calculated based on an energy cost function
and
were expressed as a percentage of their maximum force, based on a force per
212
physiological cross-sectional area of 100N/cm2 . If one of the muscles showed a mean
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relative force of less than 5% it was excluded from the analysis (e.g. teres minor). The
output data were calculated per cycle and subsequently averaged for each condition and
subject over the five consecutive propulsion cycles.
Efficiency
Oxygen consumption (VO2), carbon dioxide production (VCO2) and respiratory exchange
ratio (RER) were measured with an Oxycon (Oxycon Alpha, Pan Gas Healthcare,
Dagmersellen, Switzerland). The gross mechanical efficiency (ME) was derived from
139
energy expenditure (EN) and the power output as follows :
[%]. EN
72
was calculated from VO2 and RER according to Garby and Astrup .

Statistical analysis
Descriptive statistics were used to describe the characteristics of the individuals and the
distribution of power output and cycle frequency. Since the data was normally distributed
a linear mixed model was used to analyze relationships between variables. The linear
mixed model is an extension of regression and ANOVA and allows modelling of the
dependencies in the observations (repeated measurements). Additionally, linear mixed
models use all available data, therefore allow each subject to have missing data.
To quantify the effect of the backrest positions, a linear mixed model was calculated
which included the backrest inclination as a fixed effect. An autoregressive (order 1)
covariance structure for the repeated measurements was chosen, as it was assumed that
for the same subject, results of consecutive inclinations (by means of degree) were more
correlated. To quantify the effect of the crank positions, a linear mixed model was
calculated which included the backrest inclination as a fixed effect. In an additional
analysis the crank position was split into two variables, one for height and one for
distance. Now it was explored whether the height or distance of the crank had an effect
on the dependent variables. For these models an unstructured covariance structure was
used as no patterns were expected.
The dependent variables were the mean or the peak glenohumeral contact force, net
shoulder moment, the muscle forces and the mechanical efficiency. As actual power
output and lesion level (3 groups: Th1-5, Th6-10 and Th11-L1) could have influenced the
dependent variables, they were added to the model as additional fixed effects to adjust
for these possible associations. Level of significance was set at p<0.05. If a significant
difference in a fixed effect was found, Bonferroni post-hoc tests adjusted for multiple
comparisons were performed.
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Results
Subjects propelled the handbike with a mean cadence of 69rpm at a mean power output
of 61.5W (table 7.3), which corresponds to approximately 50% of the peak power output
45, 92
reached by paraplegic men
. For five subjects it was not possible to test all setups of
the handbike because they were either too small or too tall. This reduced the number of
conducted trials to 83. The subjects were, however, kept in the data analysis since the
general linear mixed model allows for missing values within one subject.
Table 7.3. Actual power outputs (PO) and cadences during the trials (mean (SD)).
high
close

Trial
PO

[W]

high
distant

low
close

60° / low
distant

45°

30°

15°

mean

61.6 (17.0) 59.3 (17.3) 61.3 (16.7) 60.7 (17.5) 62.3 (17.3) 62.0 (18.7) 64.2 (17.3)

61.5

Cadence [rpm] 68.5 (1.3) 68.4 (1.5) 68.6 (1.0) 69.0 (1.4) 68.2 (0.9) 68.3 (0.8) 68.5 (1.0)

68.5

In eleven trials (out of a total of 83) a RER higher than 1.0 was measured (range 1.03 to
1.08). These subjects remained in the subsequent analysis because of the minor deviation
from 1.0. For these trials, the RER was fixed to 1.0 to calculate mechanical efficiency.
The relative muscle force of teres minor was less than 5% for all trials and was therefore
excluded from the analysis. The subject specific data for all analyzed variables are listed in
table 7.4.
Table 7.4. Subject specific data for each variable, mean (standard devition) over all trials.
Subject Gear
ratio
1
2
3
4
5
6
7
8
9
10
11
12
13
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0.99
1.15
0.84
0.74
0.74
0.99
0.99
1.15
0.99
0.84
0.63
0.99
0.74

Power
output
[W]
67.4 (1.9)
75.2 (4.1)
52.1 (4.1)
37.6 (0.9)
40.6 (2.8)
66.6 (2.1)
99.2 (2.1)
73.3 (1.8)
64.9 (3.4)
53.3 (1.7)
36.5 (2.1)
58.8 (4.7)
57.6 (2.7)

GHforce
[N]
305.6 (73.0)
332.6 (54.9)
194.5 (39.2)
282.6 (42.2)
220.2 (15.2)
287.6 (25.7)
363.7 (21.6)
303.1 (66.6)
260.6 (29.9)
259.7 (61.2)
241.8 (16.1)
264.6 (59.7)
274.1 (33.8)

Shoulder
moment
[Nm]
4.5 (0.9)
4.9 (0.8)
4.1 (0.3)
3.8 (0.9)
4.9 (0.4)
5.0 (0.3)
8.3 (0.3)
5.5 (1.0)
4.6 (0.9)
3.9 (0.6)
2.9 (0.6)
3.8 (0.6)
4.5 (0.5)

Supraspinatus
[%]
16.4 (4.3)
15.2 (2.5)
11.1 (2.3)
16.7 (2.3)
10.3 (1.0)
11.6 (1.5)
12.4 (1.7)
13.8 (4.1)
10.3 (2.8)
13.7 (3.6)
15.8 (1.7)
15.0 (2.9)
38.4 (4.2)

InfraSubspinatus scapularis
[%]
[%]
6.2 (2.5) 4.4 (0.9)
3.7 (1.7)
8.2 (1.8)
3.3 (2.4)
2.9 (2.1)
5.6 (1.9)
4.1 (0.7)
4.7 (1.4)
3.5 (1.3)
4.9 (2.0)
6.8 (2.7)
4.4 (1.8) 12.0 (3.5)
7.6 (2.0)
3.5 (0.7)
1.9 (2.0)
8.0 (3.1)
6.0 (2.3)
4.0 (1.1)
2.9 (0.7) 4.6 (0.8)
6.2 (1.7)
1.8 (0.9)
23.0 (3.7) 12.8 3.6)

Mech.
efficiency
[%]
8.9 (0.6)
10.9 (0.8)
10.5 (2.0)
11.1 (0.8)
8.1 (1.3)
11.4 (1.8)
9.9 (1.4)
11.2 (0.9)
10.2 (2.0)
9.5 (1.8)
9.2 (1.3)
10.4 (2.0)
10.4 (0.7)
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Backrest inclination
The analysis of the backrest inclination showed that more upright backrest positions
(higher inclinations) tended to result in lower shoulder load, while there was no difference
in mechanical efficiency (figure 7.3). The mean glenohumeral contact force at 60°
inclination angle (260N) was significantly lower than at 45° (301N, p=0.026), 30° (314N,
p=0.011) and 15° (335N, p=0.001). With regard to the relative muscle forces, the mean
values of the supraspinatus as well as the infraspinatus were lower at 60° than at all other
backrest inclinations (figure 7.3). No significant differences were found in the relative
muscle force of the subscapularis and in the net shoulder moment. Lesion level did not
affect the dependent variables, whereas the actual power output showed significant
effects on the glenohumeral contact force, the net moment and the subscapularis force.
However, these effects were already controlled for since they were added as fixed effect
to the linear mixed model.

Crank position
Except for the subscapularis there was no difference in shoulder load or mechanical
efficiency between the four crank positions (figure 7.3). The peak value of the relative
muscle force of the subscapularis was higher in the close-high position (20.3%) than in the
distant-low position (17.6%, p=0.043).
Further it was analyzed whether either the crank distance (distant (high + low) versus
close (high + low)) or the crank height (high (distant + close) versus low (distant + close))
had an influence on shoulder load or mechanical efficiency. The results showed as well
that the close crank position resulted in higher mean relative muscle forces of the
subscapularis than the distant crank position (p=0.048), but no effects were found for the
other variables. Also the crank height had no effect on shoulder load or mechanical
efficiency. Lesion level had no impact on the dependent variables, whereas the actual
power output showed significant effects on the glenohumeral contact force, net moment,
efficiency and subscapularis force. However, these effects were already controlled for in
the linear mixed model.

Discussion
Both backrest inclination and crank position are essential parameters one should consider
when optimizing the handbike-user interface. The knowledge of its effect on the
handbike user is important, especially for the recreational handbike users, to decrease the
risk of overuse injuries to the muscles and joints of the upper extremity, as well as to
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increase their mobility by cycling with a setup which results in a higher mechanical
efficiency.

Figure 7.3. Boxplots of mean and peak values for each setup: smallest and largest
observation, lower and upper quartile, median and outliers (+). Significant differences (p <
0.05): * = 60° < 45°, 30° and 15°, o = 60° < 30° and 15°, []= 60° < 15°, # = distant low <
close high, <> = distant < close.
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Backrest inclination
With changing backrest inclination, significant differences were observed in some of the
variables describing shoulder load, namely in the glenohumeral contact force and the
relative muscle forces of the supraspinatus and infraspinatus, but not in mechanical
efficiency.
The risk of overuse injuries with regard to shoulder load is a complex interaction between
the magnitude of load, the rate of load, frequency of load application, duration of the
129
loading cycles and rest time between cycles . The glenohumeral contact force is seen as
the closest estimate for internal load acting on the glenohumeral joint, because it
comprises both the external forces due to handcycling, and the muscle forces which are
needed to carry out the handcycling movement and to stabilize the shoulder joint.
Regarding overuse injuries it is not known where the boundary between acceptable and
too high forces is, but it is expected that higher mean, and especially higher peak
119
glenohumeral contact forces, point to a higher risk for overuse injuries , since the
repetitive, high forces acting on the shoulder joint have been associated with injuries to
205
that joint . The mean and peak glenohumeral contact force increased with lower
backrest inclinations (figure 7.3), indicating that the lying position, as it is common in
handbike competition, could lead to a higher risk for overuse injuries of the shoulder joint.
The difference in the glenohumeral contact between the 60° and the 15° backrest
inclination was 75N. If this is compared with the measured glenohumeral contact force
130
during arm elevation
it corresponds with the increase that results from 10° arm
elevation.
The net shoulder moment is another variable which is often used to quantify shoulder
104, 141, 213
load
. Since the net moment only considers the external forces, it will
211
underestimate the actual load within the glenohumeral joint . However, another study
has shown that the net shoulder moment and the glenohumeral contact force are highly
141
correlated in static measurements . In the present study where we studied net
moments and contact forces at equal power output, the net shoulder moment tended to
increase with lower backrest inclinations, but the differences were not statistically
significant. The glenohumeral contact force, however, did clearly increase. This difference
points to the limitations of net moments as an indicator for joint strain. Since the external
forces are comprised in both variables, and the muscle forces only in the glenohumeral
contact force, the difference between the two variables indicates that with lower backrest
inclination, more muscle force is needed to stabilize the shoulder joint. This can also be
seen in the muscle force of the rotator cuff and as a consequence in the trend to a lower
mechanical efficiency. Another reason for the difference between the net shoulder
moments and the glenohumeral contact force could be the activated muscles. In the

109

Chapter 7

supine position, the same shoulder moments could be produced with smaller moment
arms; by other muscles or with the same muscles but also with smaller moment arms
than in the upright position. The muscle forces and thus the glenohumeral contact force
have to be higher to produce the required moment.
The rotator cuff consists of four muscles, the supraspinatus, subscapularis, infraspinatus
and teres minor. Besides their function of abduction, extension or axial rotation of the
humerus, they especially assist in the stabilization of the shoulder joint. Muscle imbalance
or chronic fatigue of the rotator cuff due to overloading could lead to displacement of the
57
humeral head and thus to impingement , which is the most common cause of shoulder
136
pain in persons with spinal cord injury . In this context, an optimal setup of a handbike
should strive to prevent overloading of the rotator cuff by reducing its activity. In the
present study, the mean and peak relative muscle force of both the supraspinatus and the
infraspinatus increased with lower backrest inclinations. The relative muscle force of the
subscapularis did not change (figure 7.3). While considering shoulder load only, a backrest
inclination of 60° should therefore be preferred over lower trunk inclinations. This
difference in the shoulder load likely resulted from a changed direction of the external
force, which was caused by the altered upper body position. This statement, however,
was not analyzed in the present study.
Besides shoulder load, mechanical efficiency is also an important factor to consider while
seeking for the optimal handbike-user interface. A higher mechanical efficiency enables
the handbike user to cycle over longer distances, for a longer duration or at relatively
189
higher speeds without experiencing excessive fatigue or discomfort . Cycling with a
high mechanical efficiency is not only important for achieving high performances, it also
176
enables activity to persons with a limited capacity
. In the present study, the
mechanical efficiency tended to decrease with lower backrest inclination (figure 7.3),
though not significantly. Also in this context, the higher, more straight up backrest
inclinations seem to be beneficial. In these more upright positions, two of the examined
rotator cuff muscles were less active, which means that less energy is consumed for the
same movement and resulting in a higher mechanical efficiency.
The present results are only applicable to laboratory conditions, where no air resistance is
present. In reality, a handbiker cycling with a backrest inclination of 60° has a larger
178
frontal area (62.6%) compared to cycling with a 30° inclination (39.6%, figure 7.1) .
While propelling outdoors at the same speed, the higher air resistance results in more
power to produce compared to the laboratory condition where power output is given by
speed and force only. The higher power output outdoors does not necessarily lead to a
lower mechanical efficiency, however it will be at a lower economy. Regarding shoulder
load, a higher power output does result in higher glenohumeral contact force and muscle
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forces . Whether the decrease in shoulder load due to the upright position will be
counterbalanced by the increase in shoulder load due to a higher power output is not
known. These assumptions are made based on the condition of a fixed speed.
Recreational handbike users, however, will not aim to reach a certain speed but they will
mostly train on a certain physical activity level and thus on a certain power output. With
an upright backrest they will decrease the speed to maintain the power output and will
reach a lower shoulder load.
Crank position
The best crank position could not be identified among the tested handbike setups,
neither with respect to shoulder load nor to mechanical efficiency. A significant difference
was only found for the subscapularis, where more relative muscle force was found while
propelling with the close crank setup compared to the distant crank position. The
subscapularis, whose function is to rotate the humerus head internally as well as to
prevent displacement of the humerus head, seemed therefore to be less stressed while
propelling with a more extended arm. Thus, the distant crank placement seemed to be
favorable with respect to muscle activation of the subscapularis.
A previous simulation study was performed by Faupin et al. to analyze the effect of crank
64
placement on the risks for repetitive strain injuries to the upper extremities . The range
of motion was used as the identifier for the risk of repetitive strain injuries. As in the
present study, the authors could not identify an optimal crank distance with respect to
the risk of shoulder injuries. Faupin et al. also analyzed different simulated crank
64
heights . As a guideline they stated that the height of the crank axis should be under the
acromion. The present study could not support this hypothesis since there was no
difference in shoulder load while propelling at or below the height of the acromion.
Other studies examined the response of mechanical efficiency on crank position while
propelling on a stationary arm crank ergometer. Crank height did not affect mechanical
40, 152, 199
efficiency in any of the studies
, while crank distance did. A closer crank position
(30° elbow flexion) resulted in a higher mechanical efficiency than a crank which was
199
placed more distant (15° elbow flexion) . Even though the crank distance was similar to
the present study, the results did not coincide since no difference in the mechanical
efficiency was found in the present study between the close (30° elbow flexion) and the
distant (15° elbow flexion) position.
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Perspectives
Both backrest inclination and crank position are essential parameters in handcycling
which should be considered when optimizing the handbike-user interface. An optimal
handbike setup is important to decrease the risk of overuse injuries to the
musculoskeletal structures of the upper extremity, as well as to increase the mobility by
cycling with a setup which results in a higher mechanical efficiency.
This study showed that, while cycling under laboratory conditions, the handbike-user
interface does influence shoulder load but not mechanical efficiency. Regarding the
shoulder load, the backrest inclination of 60° was most favorable. In this setup, the
glenohumeral contact force as well as the modeled muscle forces of the supraspinatus
and infraspinatus were the lowest. The position of the crank only affected the relative
force of the subscapularis. There, the distant crank position (15° elbow flexion angle) was
favorable.
According to these results, handbike users, whose main interest does not lie in achieving
high performances but improving health and physical capacity in a shoulder-friendly way,
should set up their handbike with a backrest inclination of 60° and a distant crank
placement with an elbow flexion angle of 15°.
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The aim of this thesis was to analyze the physical strain and efficiency of handcycling and
its accompanying mechanical load on the shoulder complex. This was assessed in three
studies and is presented in the six chapters of this thesis. The results of these studies can
be summarized under three main aspects, which are ’handcycling as an alternative
propulsion mode’, ’handbike versus handrim wheelchair propulsion, focusing on shoulder
load’, and ’the optimal setup of the handbike’.
In this chapter, findings from our studies are discussed in a comprehensive way by putting
them into the context of other findings from literature. Furthermore the implications of
the studies for practice as well as for further research are presented.

Handcycling as an alternative propulsion mode
Exercise for persons with limited physical capacity
Regular upper extremity exercise in persons with SCI or another lower limb impairment is
considered to be necessary for overall fitness since it lowers the risks for secondary health
137
156
28
conditions such as cardiovascular diseases , pressure ulcers
, obesity
and
132
diabetes . Further, exercise and daily mobility increase physical capacity by
170
strengthening the musculature which results in less discomfort, pain and fatigue . It is
thus absolutely necessary that wheelchair users maintain physical activity, for which they
can only use their upper body. However, a thin line exists between exercise and overuse;
too much exercise might result in overuse injuries and shoulder pain. Especially persons
with reduced muscle capacity and limited functionality, such as persons with tetraplegia,
198
are at high risk for upper extremity complaints . Therefore, the choice of the right
training intensity as well as the right training device is important. An optimal training
device for persons with a reduced physical capacity should allow for training with low
physiological and mechanical strain. Only then is it possible to carry out the training over
a longer duration at relative comfort and a low risk of overuse.

Is the handbike an appropriate device for exercise and daily mobility?
The mechanical efficiency during handcycling has been shown to be higher than during
45
handrim wheelchair propulsion (9-12% versus 8-10%) . The mechanical efficiency of 915%, which has been found in the present thesis while analyzing handcycling of persons
with SCI (chapter 5 and 6), confirms these statements. This difference in mechanical
efficiency presumably results from the continuous and circular propulsion movement,
which not only requires more muscles but also a well-balanced muscle involvement
84, 159, 188
(chapter 6)
. The use of both extensors and flexors results in a balanced training of

114

Discussion

the upper extremities. In addition, during handcycling the hands are continuously in
contact with the handles, which is not the case during handrim wheelchair propulsion.
There the hands have to grip the handrim at the beginning of the push phase and release
them after the push. This coupling and uncoupling task consumes additional energy, and
84, 159, 188
therefore lowers the mechanical efficiency during wheelchair propulsion
. The
same factors are suggested to be responsible for the lower physiological load during
handcycling. It has been shown that oxygen consumption, ventilation as well as heart rate
are lower during handcycling than during handrim wheelchair propulsion at comparable
45
power output or speed . The lower physiological load is also reflected in the rate of
perceived exertion, which is a subjective measure of the feeling of fatigue, based on the
perception of someone’s own effort. By comparing handbike and handrim wheelchair
propulsion Dallmeijer et al. found that the rate of perceived exertion is clearly lower
45
during handcycling .
Not only the physiological strain but also the external mechanical stress is lower during
handcycling than during handrim wheelchair propulsion (chapter 3 on able-bodied
subjects). The peak forces of handcycling are more than two times lower than those
during manual wheelchair propulsion. This lower mechanical stress can be attributed to
the continuous force application. Contrary to handrim wheelchair propulsion there is no
idle period in force application, and force is applied throughout the whole cycle. This
results in lower peak propulsion forces. But also when adjusting for push frequency and
averaging the forces over the whole propulsion cycle (which consists of the push and the
recovery phase in wheelchair propulsion and of a 360° revolution of the crank in
handcycling) the mean forces applied to the crank during handcycling are still lower than
the forces applied to the pushrim of the wheelchair, while propelling at the same power
output. It is further possible to apply the force in a more effective direction (higher
fraction of effective force, chapter 3), which, at a given power output, contributes to
lower total external force.
Concluding from the lower physiological strain and the lower external mechanical stress,
the handbike indeed seems to be an appropriate device for outdoor daily mobility, sports
and exercise for persons with a limited physical capacity, such as persons with SCI.
Previous studies have shown that the handbike is not only an appropriate, but also an
effective training device. Regular handbike training of persons with para- and tetraplegia
177
resulted in significant gains in handcycling and handrim wheelchair capacity
and
174
improvements in arm strength . These improvements allow the persons to cover longer
distances and engage in a more physically active lifestyle, which is expected to show a
168
positive effect on quality of life .
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Adaptation of handbike propulsion
Handbikes are generally equipped with a gearing system, which allows changing the gear
ratio and thus the amount of force applied per revolution, according to the
circumstances. It facilitates handbike use in uneven terrain and also enables persons with
a low physical capacity, such as persons with tetraplegia, to be more mobile. The gearing
system is a further benefit of handbike use in daily living.
Other than the change in gear ratio, the handbike user also changes the propulsion
characteristics unconsciously as a reaction to altered external conditions. In chapter 2 we
showed that, while maintaining the same gear ratio and power output but decreasing the
speed and thus cycling cadence, the handbike user propels the handbike more effectively.
This means that the direction of the applied force is better, so that a higher amount of the
total force is directly used for propulsion. Research in wheelchair propulsion has shown
that purposely aiming for the maximal effectiveness of force production is not necessarily
ideal since it goes along with a higher physiologic cost and thus a lower mechanical
24, 51
efficiency
. A similar trend might be found for handcycling. There it has been shown
that a higher cycling cadence at a constant power output results in a slightly higher
76
mechanical efficiency . Future research could therefore aim to find an optimal cycling
cadence where both mechanical efficiency and force effectiveness are high. This would
mean finding a balance between physiological and mechanical stress.
Handbike users also changed their propulsion characteristics with increasing power
output. While cycling at higher power output but with constant speed and gear ratio, the
force effectiveness as well as the mechanical efficiency increased, both for persons with
SCI and able-bodied persons (chapter 3 and 6). The same increase in force effectiveness
was found if the power output was produced by incline or with a pulley system (chapter
2). The propulsion style chosen by the handbike user also changed with higher power
output. At a low power output the propulsion force was clearly applied by pulling the
crank towards the person sitting in the handbike (pull-plus style). At higher power output
levels the pulling strategy was still present but less pronounced (pull style, chapter 6).
Even though the mechanical efficiency increased while the propulsion style changed with
higher power output, it could not be concluded that one of the propulsion styles was
more efficient than others. The increase in mechanical efficiency was rather associated
with the increased external power output than with the used propulsion style. The change
in both propulsion characteristics and style can be explained by the general assumption of
exercise research that trained or untrained subjects tend to choose the most economical
24, 51, 78, 108, 155, 194
style
. Earlier studies have shown that subjects seem to apply the
propulsion force in a direction which is a compromise between the most effective
24, 51, 155
direction and the direction which results in the lowest metabolic cost
. Other

116

Discussion

studies have shown that the freely chosen push frequency in hand rim wheelchair
78, 108, 194
propulsion at any given velocity is close to the optimal push frequency
. This is
also assumed to be the case in handcycling, where subjects changed their style with
increasing power output.

Handbike versus handrim wheelchair propulsion, focusing on shoulder load
Risk factors for overload
111

Overuse injury of the upper extremity is a common problem in the general population
58
and is even more prevalent in persons with spinal cord injury (SCI) . For the general
population it has been shown that work-related factors, such as psychosocial demands as
205
well as physical load, are associated with the occurrence of shoulder disorders . This
thesis focused only on the latter.
Risk factors associated with physical load can be grouped in three domains:
80
environmental factors, personal factors and work requirements . The factors specified in
the following paragraph are related to wheelchair mobility. Environmental factors, such
as the terrain, the ground surface, the mobility device and its state and setup are
influencing the propelling conditions and thus the physical load. Personal factors refer to
the physical capacity, posture, talent, training status and skill level of the person. Work
requirements include the quantity and quality of propulsion. Its relevant factors are
magnitude, frequency and direction of the propulsion force, the time of exposure and the
rest periods in between, the range or the direction of the movement (above versus below
shoulder level) and (imbalanced) muscle stress. Many of these factors can be altered and
should be optimized as a part of the treatment program if one wants to prevent
musculoskeletal problems or its deterioration. But before starting a treatment program,
the consequences resulting from a change in each of these factors should be well studied.

Comparison of shoulder load for the two propulsion modes
In this thesis, shoulder load was studied for the manual handrim wheelchair and the
handbike. The handrim wheelchair, which is the main mobility device for persons with
SCI, is well studied for mechanical stress (external forces) and mechanical strain (internal
19, 21, 32, 38, 55-56, 74, 98, 101, 104, 110, 116, 119, 124-125, 143, 146, 149, 151, 155, 184, 193, 201-202, 208, 213
forces)
. For
10, 64-67
handcycling, only limited information is available about these variables
.
This thesis focused particularly on propulsion forces, glenohumeral contact forces, the
net shoulder moments and muscle forces (figure 8.1). These variables of mechanical
stress and strain are possible indicators for the risk of overuse. For all these variables both
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peak and mean values were analyzed. It is assumed that the continuous mean load on the
upper extremity, resulting from mobility or activities of daily living (ADL), can weaken or
fatigue structures of the shoulder joint if they are not trained enough or when the mean
58, 150
load is too high
. A single occurring peak load can then easily cause damage to the
weakened structure. The peak load can occur during propulsion, but is most likely to
occur during ADL. This was confirmed by studies showing that the load during weight
relief lifts or during reaching is considerably higher than the load caused by daily
1, 201
wheelchair propulsion
. Further, whenever shoulder structures are damaged they
cannot heal properly due to the continuous shoulder loading resulting from wheelchair
propulsion or the use of the upper extremity in any daily activity of lower limb impaired
persons.
Glenohumeral contact
force

Net shoulder moment

Propulsion forces

Muscle forces
Figure 8.1. Analyzed variables of shoulder load.
In this thesis shoulder load was analyzed over the whole propulsion cycle and it was
adjusted for push frequency. Our analyses showed that both mean and peak values of the
analyzed variables of shoulder load are lower during handcycling than during handrim
wheelchair propulsion (chapter 3, 4 and 5, table 8.1). Similar results were found for
persons with SCI and able-bodied individuals. The risk for overuse injuries on the shoulder
complex might therefore be lower during handcycling.
Higher propulsion forces have been associated with a higher risk for shoulder overuse
19
injuries . During wheelchair propulsion, the mean propulsion forces were higher than
during handcycling (chapter 3). Since the power output and the linear velocity of the hand
was similar for both devices, this difference did not result from the gearing system, but
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probably from the lower effectiveness of force application during wheelchair propulsion.
Also the peak propulsion forces were considerable higher in wheelchair propulsion (300%)
(chapter 3). This difference was caused by the intermittent force application in wheelchair
propulsion where the force can only be applied during a short period of time (between
50
22
29% and 57% of the whole propulsion cycle) while handcycling typically employs
103, 217
100% of the cycle for force transmission
(chapter 3).
Table 8.1. Shoulder load during wheelchair and handbike propulsion.
Device
Wheelchair
Handbike
upright
supine
Power output
51-58W
60-64W
1
3
4
Total propulsion force
mean
39 N
29 N
34 N
1
3
4
peak
141 N
48 N
57 N
2
3
4
Net shoulder moment
mean
11.0 Nm
4.4 Nm
5.6 Nm
2
3
4
peak
25.0 Nm
7.7 Nm
9.3 Nm
2
3
4
Glenohumeral contact force mean
518 N
248 N
335 N
2
3
4
peak
1318 N
528 N
686 N
2
3
4
Relative force infraspinatus mean
16 %
5%
10 %
2
3
4
peak
56 %
17 %
28 %
2
3
4
Relative force supraspinatus mean
20 %
14 %
18 %
2
3
4
peak
67 %
30 %
37 %
2
3
4
Relative force subscapularis mean
8%
6%
5%
2
3
4
peak
27 %
16 %
15 %
Relative muscle force in % of total muscle force, which is based on a force per
2
physiological cross-sectional area of 100N/cm
1
2
chapter 3 on able-bodied; PO=51W chapter 5 on persons with SCI; PO=58W, 66rpm
3
4
chapter 7 on persons with SCI; PO=60W 68rpm, chapter 7 on persons with SCI;
PO=64W, 68rpm.
141

The net shoulder moment is seen as a good estimator for shoulder load and has been
104, 213
used in various studies of wheelchair propulsion
. In this thesis, the net shoulder
moments during wheelchair propulsion were found to be two to three times higher than
during handcycling (table 8.1). Additional to the magnitude of the applied force, the
weight of the segment and the direction of the applied force also contribute to the net
shoulder moment. The weight of the segment is not much different for both propulsion
devices. In wheelchair propulsion the weight of the arm is supported by the handrim
during the push phase, whereas in handcycling the weight of the arm is supported by the
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crank during the downward phase of the propulsion cycle (90°-270°, chapter 3). But the
direction of the propulsion force certainly differs between the two devices, which results
in different moment arms. In wheelchair propulsion it has been found that the propulsion
force is applied in a direction which results in a balance between mechanical effect
(effective force application) and biomechanical effort at the joint level (small moment
154-155
arms)
. A similar study has not been performed in handcycling yet, but it might
contribute to the explanation of the lower net shoulder moments.
141

The glenohumeral contact force is related to the net shoulder moment and it is seen as
the closest estimate for internal forces acting on the glenohumeral joint, because it
comprises both the external forces due to handcycling, and the muscle forces which are
needed to carry out the handcycling movement and to stabilize the shoulder joint. Higher
mean, and especially higher peak glenohumeral contact forces point to a higher risk for
119
overuse injury since the repetitive, high forces acting on the shoulder joint have been
71, 205
associated with injuries of that joint
. The results of the glenohumeral contact force
confirm the previously seen trend of lower shoulder load during handcycling (chapter 4
and 5, table 8.1). Both mean and peak forces were more than two times higher during
wheelchair propulsion than during handcycling for persons with SCI and able-bodied
persons. However, the glenohumeral contact forces found for both devices under the
testing conditions are not very high compared to other wheelchair related ADL such as
201, 219
reaching or weight relief lift
. Yet, based on the assumption that the frequency of
the movement is a risk factor for shoulder disorders, the high repetitiveness of the
wheelchair push, which is conducted approximately 1800-2700 times a day (40-60
171, 220
minutes
, 45 pushes per minute), could still be harmful to the shoulder joint.
Additionally, the glenohumeral contact forces measured under laboratory conditions, as
done in this thesis, might underestimate the actual forces occurring during everyday
propulsion. When using the handbike and the wheelchair for ADL tasks, the propelling
conditions might be less optimal and could cause higher glenohumeral contact forces due
219
to starting, stopping and turning as well as to different propelling surfaces . A study on
wheelchair propulsion, where shoulder load was measured with an instrumented implant,
has shown that propelling on grass results in a two times higher glenohumeral contact
force than propelling on pavement. Also acceleration causes considerable higher
219
glenohumeral contact forces than propelling at speeds between 1 and 4 km/h .
Even though the glenohumeral contact forces are relatively low for both devices, the local
muscle force of individual muscles, either used for propulsion or for the stabilization of
the shoulder joint, might be considerable. A high muscle force is seen as a further risk
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factor for shoulder overuse injuries. Comparing the two devices, the mean relative force
of most muscles relevant to the shoulder joint was lower in handcycling than in handrim
wheelchair propulsion (chapter 5). The difference in the peak forces was even more
pronounced: the peak forces during wheelchair propulsion were considerably higher, and
only the clavicular part of the deltoid showed lower force during wheelchair propulsion
(chapter 5). During handcycling the load was nicely spread over all muscles involved,
whereas during wheelchair propulsion some of the muscles were highly stressed. Distinct
differences were found in the biceps and in the muscles of the rotator cuff (chapter 5,
table 8.1). The function of the rotator cuff muscles is to maintain a congruent contact
between the humeral head and the glenoid by producing a compressive force component
so that the contact force is directed inside the glenoid surface, preventing subluxation,
167
whilst contributing to the necessary shoulder torques . If the contribution of the rotator
cuff muscles is hampered by dysfunction or fatigue, the humeral head can translate
superiorly. Its accompanying narrowing of the subacromial space has been seen as a
57
cause for the subacromial impingement syndrome , which is the most common disorder
58
in the shoulder joint of wheelchair dependent persons . The results suggest that an
intensive use of wheelchair propulsion leads to excessive fatigue of rotator cuff muscles
and consequently to an increased risk for impingement. Since the rotator cuff muscles are
less stressed during handcycling, this device is a good alternative propulsion mode for
preventing this type of overuse injuries.

Biomechanical modeling
The Delft Shoulder and Elbow model (DSEM) was used in this thesis to predict the
130
mechanical load on the shoulder complex during handbike and wheelchair propulsion .
The DSEM is a biomechanical model which can be used in an inverse-dynamic mode and
which consists of motion equations describing the mechanical behavior of the upper
extremity, derived by using the finite element method. This model was developed in
order to increase the functional insight in the mechanical behavior of the upper extremity
and to assist in diagnosis and treatment of disorders. A further goal was to estimate the
load on the morphological structures in order to analyze and prevent injuries of the
shoulder complex. For this purpose it was also used in the present thesis.
With the external forces and the three-dimensional rotations of the thorax, clavicle,
scapula, humerus, forearm and hand as input variables, the model has been used in this
thesis to calculate the load on the shoulder complex, expressed as the net moments, the
muscle forces and the joint reaction forces in the shoulder. In inverse-dynamic models, a
cost function is needed to solve the load-sharing problem. With the aid of the cost
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function the net joint moments are distributed to the force generating structures in the
most economical way. While working with the DSEM it is possible to choose between
different cost functions. For chapter 4 and 5, the stress cost function was used to
calculate the shoulder load. This cost function which minimizes the summed muscle
stress is the most commonly used optimization criteria. Since this cost function was used
201, 208
in previous studies on shoulder load during wheelchair propulsion
, we used the
140
same cost function to be able to compare the results. Praagman et al.
showed,
however, that an energy-related cost function is the better measure for muscle energy
consumption than the stress cost function, since it leads to more realistic predictions of
130
muscle activation and glenohumeral contact forces . For the last chapter, where the
comparison with older data was not a specific aim, the energy-related cost function was
used to predict the shoulder load. These results might better reflect the actual load on the
shoulder joint.
The DSEM is not an individual model, since it is based on the anthropometric parameters
212, 216
of one cadaver
. It could be argued that this model was not scaled and therefore not
used as a personal model. But since the model is used to explore the general tendencies in
the shoulder complex, it gives enough relevant information even without scaling. This has
been shown by Nikooyan et al. who compared the measured glenohumeral contact force
with the predicted values from the DSEM. They showed that the model-estimated
glenohumeral contact forces followed the in-vivo measured forces, and that scaling only
130
had a negligible effect on the predicted shoulder load .
The calculated shoulder load was applicable for both studied subject groups; for persons
with SCI and able-bodied subjects. Since persons with paraplegia were investigated and
they did not have loss in muscle function in any of the muscles included in the model, the
shoulder load could therefore be calculated without making any adaptions to the model.

The optimal handbike setup
It has been shown that attach-unit handbikes are preferable to manual handrim
wheelchairs in terms of shoulder load. Since it was expected that the same holds for rigidframe handbikes, we focused on the fine-tuning of the setup of these types of handbikes,
which are preferably used for recreation and sports. So far there are no clear guidelines on
the setup of different handbike types and on how to adjust them best to their user.
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Handcycling versus arm crank exercise
Handcycling is a rather new study field which emerged form the incrasing popularity of
the device. In the past, and still today, most of the studies on upper body exercise in
persons with SCI are conducted with arm-crank ergometers, since these devices are
widely used in rehabilitation and it is easier adaptable to a user than a handbike. Several
25-26,
studies have analyzed the interface between the arm-crank ergometer and the user
40, 87, 152, 165, 199
. The results of these studies can give indications on the handbike-user
interface, but they are not directly transferable since there are distinctive differences
25-26, 152
between the two devices. Arm crank exercise, and thus their studies
, are often
performed in an asynchronous mode since the construction of the ergometer was
adopted from the cycling technology. Today’s handbikes use a synchronous propulsion
mode where both hands propel in phase. The synchronous propulsion mode results in a
higher mechanical efficiency and peak power, whereas the local stress on the arms and
2, 10, 43, 186, 197
hands is considerably lower
. Further, the synchronous mode interferes less
10, 197
with the steering task
and allows for the use of the trunk mass to generate power,
depending on the lesion level in persons with spinal cord injury. Therefore, the results
from arm-cranking in an asynchronous mode are not directly comparable to handcycling.
These two exercise modes further differ in the resistance generation. In handcycling, the
resistance is constant and a higher crank rate will lead to a higher power output, as long
as the gear ratio remains the same. Using an isokinetic arm-crank ergometer means that
the resistance during the exercise bout is dependent on the cycling cadence, while the
power output remains constant. As long as the cycling cadence is fixed throughout the
experiment, the results of the two devices are comparable.

Handbike-user interface
Concentrating on synchronous handcycling only, several studies were conducted on
different parameters of the handbike setup (table 8.2). The conclusions of these studies
on the optimal setup are illustrated in figure 8.2.
Most of the studies concentrated on the improvement of performance and studied the
effect of a change in setup on the mechanical efficiency or the maximal optimal power
and speed production. For a maximal performance, the crank length should be small
76
102
(180mm or 26% of the distance from the acromion to the crank axis ) and the
103
handgrips should be fixed to the crank with an 30° angle (pronation of the forearm ).
Without backrest it was possible to cycle at higher velocities than with a backrest
66
inclination of 65° or 45° .
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Mechanical
efficiency

Performance

Peak power/
work
production
Speed

Range of
motion

NS chapter 7

NS chapter 7

60°<45°, 30° and
15° chapter

Glenohumeral
contact force

NS chapter 7

NS chapter 7

NS chapter 7

Net
shoulder
moment

Subscapularis:
15°<30° chapter 7

NS chapter 7

supraspinatus,
infraspinatus:
60°<45°, 30°
and 15° chapter7

Muscle
force

Shoulder load

Table 8.2. Parameters of the handbike setup which were analyzed in different studies.

Setup
parameters
NS chapter 7

below
acromion 64

Backrest
inclination

without
backrest
>65°, 45°

NS chapter 7

66

Crank height

shoulder
width 64

NS chapter 7

NS 102

+30°
(pronation)
>0°, -30° 103

26% of distance
acromion-crank
axis 102

Crank
distance

180mm>
220mm 76

NS, no
complete
elbow
extension 64

Crank width
Crank length

Handgrip
angles

NS=not significant

Heart
rate

180mm>
220mm 76

O2
uptake

Physiological
strain

NS 76
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This last recommendation only applies for persons with good trunk stability. Persons with
tetraplegia or a higher paraplegia are unable to follow this recommendation.
Especially for recreational handbike users, to whom maximal performance is not the main
goal, an optimal handbike-user interface should not only strive to improve performance
but also contribute to lowering the risk for overuse injuries. Apart from this thesis
(chapter 7), only one study so far has analyzed the handbike-user interface with regard to
injury risk factors. Faupin et al. aimed to find crank positions where the upper extremity
64
range of motion is minimized and reaching the joint limit is avoided . Both factors are
considered as risk factors for repetitive strain injuries. The combined results of the study
by Faupin et al. and the present thesis showed that the crank axis should not be placed
64
above the acromion and in a distant position (elbow angle 15°) where complete elbow
64
extension is not reached (chapter 7). Additionally, the distance between the two cranks
64
should approximately match shoulder width . Regarding the backrest inclination, an
upright backrest (60°) is favorable with respect to the glenohumeral contact force and the
muscle force of the infraspinatus and supraspinatus (chapter 7).

Crank height:
#
below acromion

crank width: shoulder width
#
crank length: 180mm

#

Handgrip angle:
#
30° (pronation)

Backrest inclination:
60° *

crank distance:
15° elbow flexion *

Figure 8.2. Optimal setup of the handbike according to the literature: * with respect to
shoulder load, # with respect to performance.

Limitations
All experiments for this thesis were conducted under laboratory conditions due to the
extensive measurements necessary to calculate the shoulder load. Propelling the
wheelchair on the treadmill, as it was done for chapters 2-6, will result in similar and
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106

highly correlated handrim biomechanics as were found for propelling over ground . The
same results should be found for handcycling. What is missing while propelling on a
treadmill is the air resistance. For chapters 2-6 the air drag will not influence the results
much, since the frontal area of sitting in a wheelchair or in a wheelchair with an attached
additional crank system is not much different. For chapter 7, however, where different
backrest inclinations were tested, the frontal area will significantly decrease with lower
backrest inclinations, which will then influence the air resistance and therefore the
mechanical efficiency. It would further be important to examine if and to what extent the
additional air drag also influences the shoulder load parameters.
While propelling straight on the treadmill, other tasks associated with propulsion in real
life, such as turning, accelerating or braking are not considered. Since the handbike is
equipped with a steering system, propulsion force can also be applied to the crank during
the steering task. In wheelchair propulsion steering is mostly performed by applying more
propulsion force with one hand, which increases the mechanical strain on that side. Also
braking the wheelchair is a direct application of force, since the hands are gripping the
handrim to stop the wheelchair. This results in a pulling force on the arms and shoulders.
The handbike has brakes that transfer grip force into friction. Therefore, not much
additional force will act on the joints of the upper extremity. Thus, it is expected that the
analysis of additional propulsion aspects or maximal propulsion will confirm or reinforce
the results found for straight, forward and submaximal propulsion.
In three of the six chapters, shoulder load and propulsion characteristics were studied on
able-bodied participants without experience in handbike and wheelchair propulsion.
These three chapters were designed to get baseline knowledge of handcycling.
Therefore, this study group was chosen because its participants were to be expected to
respond relatively homogeneous to handbike exercise since they were equally
inexperienced and had no restrictions due to disabilities. In chapter 5, shoulder load was
studied on persons with paraplegia. The results of the glenohumeral contact force as well
as the muscle forces were similar to the results of the able-bodied subjects. For persons
with tetraplegia the shoulder load might well be higher due to the loss of muscle function
used for propulsion. The muscle force needed for handcycling is distributed over fewer
muscles, which could increase the actual stress on the remaining muscles and could result
in higher forces on the shoulder joint.
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Practical implications and future research
Training and everyday mobility
All the studied factors showed that the shoulder load during handcycling is lower than
during handrim wheelchair propulsion. Thus an increased use of the handbike, instead of
the wheelchair, could be promoted for rehabilitation, training and activities of daily life to
cover longer distances. Handcycling and arm cranking seem to be a self evident task,
85
which makes it easy to conduct . Additionally, the mechanical and physiological load is
lower and more muscle mass is involved. Therefore it should be recommended for
endurance training in early clinical rehabilitation as soon as possible after the injury rather
than wheelchair training. It has been shown that an interval-training is very suitable for
30, 176
persons with a low physical capacity, such as for persons with tetraplegia
. The
training intensity for this population seems to be reasonably reflected by a large target
173
heart rate range of 60-80% heart rate reserve . However, since the heart rate may not
118
reflect the exercise intensity adequately in all persons with SCI , the optimal training
intensity for handcycling may better be studied based on basis of the percentage peak
power output.
The handbike is also very suitable for some of the ADL where longer distances are
traveled outdoors, such as commuting to and from work and shopping. There, an attachunit handbike is useful where the additional wheel and crank system can be uncoupled
when entering a building. The rigid-frame handbike, which is mainly used for recreation
and sport, is not suitable for ADL tasks, given its size and the effort for the transfer. The
same goes for activity and participation; the handbike is preferred over to the wheelchair
for spending leisure time with friends and family such as promenading or to cycling. The
attach-unit handbike is favorable because the attach-unit can be mounted to the own
wheelchair and thus the strenuous task of a transfer, where high peak loads are occurring,
is not necessary. The recommendation of using the handbike rather than the handrim
wheelchair applies for outdoor use only. Indoors, or when space is limited, the handbike is
not practical due to its limited maneuverability. In these cases, the handrim wheelchair is
still the preferred mobility device.

Further alternative mobility devices
Overall it seems that the continuous force application, the direction of the applied force
and the combined use of flexors and extensors are the main reasons for the lower risk of
shoulder overuse injuries during handcycling. One could therefore think about other
propulsion mechanisms which also fulfill these requirements. The lever propelled
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wheelchair is one of these alternative propulsion mechanisms
. In lever
propulsion, the hands make a cyclic motion in the sagittal plane in front of the body. The
propulsion force, which is applied to a lever, is then transferred to the wheels of the
wheelchair. This form of propulsion has the same benefits as the handbike: through the
push and pull motion the hands can apply the force continuously to the lever by using the
flexor and extensor muscles. Further it should be possible to adjust the lever to its user in
order to direct the applied force optimally. The force direction should point to the center
of the shoulder complex in order to reduce the net moment and the glenohumeral
contact force. Previous studies have shown that the use of a lever propelled wheelchair
144
187
results in a changed muscular demand , in a higher efficiency and in a higher overall
148
satisfaction compared to the conventional wheelchair. Whether this kind of wheelchair
is also better in terms of overuse prevention is not yet known. Future research in this
direction could contribute to the better understanding of the risk factors for overuse and
might show whether the handbike or the lever-propelled wheelchair is preferable, both
with respect to overuse injuries and the ease of handling.

Handbike-user interface
The analysis of the handbike setup has shown that the backrest inclination has a
significant effect on shoulder load. Other factors, such as the optimal crank width or the
crank length, can account for a higher mechanical efficiency or power production.
Whether and to what extent these factors can also contribute to a lower shoulder load is
not yet known. In order to identify the optimal setup of the handbike with respect to
shoulder load, it is important to analyze these factors in larger and more diverse groups
and under various external conditions of propulsion.

Outlook
This thesis showed that the choice of the mobility device as well as its optimal setup is
likely to contribute to lowering the risk for overuse injuries to the shoulder complex. As a
further step an intervention study should be conducted to analyze whether an increased
use of the handbike with the optimal setup does indeed lead to fewer shoulder problems.
If this is the case, the use of the handbike should be promoted in rehabilitation clinics,
sport clubs and associations for persons with spinal cord injury. This would then
contribute to lower the high prevalence of shoulder pain in persons with spinal cord
injury.
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Conclusion
This thesis showed that the mechanical load on the shoulder joint is lower during
handcycling than during handrim wheelchair propulsion. Its increased use in early
rehabilitation could therefore contribute to improving the physical fitness and mobility of
persons with spinal cord injury while lowering the risk for overuse injuries. Furthermore,
factors in the handbike-user interface that can lead to a lower shoulder load were
identified. Handbike users, whose main interest does not lie in high performance but in
improving health and physical capacity in a shoulder-friendly way, should set up their
handbike with an upright backrest and a distant crank placement.
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Summary

Summary

Physical activity of the upper body is very important to increase the general health of
persons with SCI or with lower limb impairment. The negative consequences of increased
physical activity are related to overload of the upper extremities, which could lead to
overuse injuries and pain of the musculoskeletal system. Prevalence rates of 30 – 73% for
shoulder pain indicate that overload injuries to the musculoskeletal system are a serious
long-term problem in persons with SCI.
A solution to avoid these injuries is to improve physical capacity and muscle strength by
regular and appropriate exercise, starting already in early rehabilitation. The manual
handrim wheelchair, which is the main mobility device of persons with SCI, has been
shown to be strenuous and inefficient. Therefore, alternative devices, such as the
handbike, should be considered for daily outdoor mobility or training.
So far it is known that the handbike is more efficient and physiologically less straining
than the handrim wheelchair, which makes it a suitable device for rehabilitation and
sports. Whether it is also beneficial for the musculoskeletal system, and whether its
increased use can contribute to lower the incidence of shoulder pain in the SCI
population, is still unknown.
The aim of this thesis was to analyze the physical strain and efficiency of handcycling and
its accompanying mechanical load on the shoulder complex. This was done by comparing
handcycling to manual handrim wheelchair propulsion and by analyzing different setups
of the handbike, using a combination of biomechanical and physiological outcome
measures.
Biomechanical studies analyzing the applied force during handcycling are still scarce. So
far it was not known how the force characteristics of handcycling are affected by the
exercise conditions. In chapter 2, various exercise conditions, such as the speed and the
method to impose power, and their effect on force characteristics (the applied force,
force effectiveness and distribution of work) were investigated. This study was performed
to establish a base for the planning and interpretation of future handbike studies. Ten
able-bodied men without any experience in handbike use performed submaximal
handcycling on a treadmill. This group was chosen because these participants were
expected to respond relatively homogeneous to handbike exercise since they were
equally inexperienced and had no restriction due to disabilities. Results showed that the
choice of propulsion speed at equal power output had an influence on the force
characteristics. With increased speed, the amount of the applied force, the force
effectiveness, as well as the work distribution within the cycle changed. Propulsion speed
should therefore be considered when analyzing force application. The method to impose
power had no effect: there was no difference in the force characteristics between
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propelling on an incline or on a level treadmill with the same speed when the resistance
was applied by the pulley system. Therefore, the results of studies that examined
handbike propulsion with either of these methods are largely comparable under
conditions of equal power output and speed.
In chapter 3 it was analyzed whether the use of the handbike is not only physiologically
but also mechanically less straining than handrim wheelchair propulsion. Thus, the
applied forces and the propulsion characteristics of handcycling were compared with
handrim wheelchair propulsion under the same power output conditions. Since the
occurring internal forces in the shoulder complex are related to the externally applied
force, this study was a first approach to indirectly compare the shoulder load during
handbike and handrim wheelchair propulsion under equal conditions. It was found that
due to the continuous force application, considerably lower total forces were applied
during handcycling than during handrim wheelchair propulsion. The mean propulsion
forces over the propulsion cycle of wheelchair propulsion were 20% higher than during
handcycling, and for the peak forces the relative difference was even 170%. These results
confirmed the assumption that handcycling is not only physiologically but also
mechanically less straining.
One of the main goals of this thesis was the analysis of the shoulder load during
handcycling. Compared to the external applied propulsion forces, a more accurate and
comprehensive indicator of shoulder load is the glenohumeral contact force. In chapter 4,
the glenohumeral contact force and the relative muscle forces occurring during
handcycling were analyzed for the first time. The aim of this study was to get a basic
understanding of the operating shoulder load at different exercise conditions.
Additionally, the results were compared with findings from previous studies of handrim
wheelchair propulsion, in order to get a first idea of the difference in shoulder load
between the two devices. As expected, the results showed that the glenohumeral contact
force increased while propelling at the higher incline due to the higher power output and
consequently due to the higher external force applied to the crank. While propelling at a
higher speed, and therefore a higher cadence at equal power output, the external force
decreased. The glenohumeral contact force, however, did not change, similar to the force
produced by most of the shoulder muscles. At the faster speed conditions the shoulder
muscles produced therefore muscle force which did not contribute to the external force.
The initial comparison with results from wheelchair propulsion showed that due to the
circular movement of the hands and the continuous force application, mean and peak
glenohumeral contact forces, as well as muscle forces, are clearly lower during
handcycling. These findings further support the assumption that handcycling is
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mechanically less straining compared to handrim wheelchair propulsion, which may
reduce the risk of overuse to the shoulder.
As a continuation of the previous research, a direct comparison of shoulder load between
handbike and handrim wheelchair propulsion was performed in chapter 5. There,
glenohumeral contact forces and relative muscle forces were measured during propulsion
at different everyday power output levels. This study was performed with eight
wheelchair users with SCI in order to analyze the directly affected persons. The results
showed that both mean and peak glenohumeral contact force were considerably lower
during handcycling than during wheelchair propulsion. During wheelchair propulsion at
the most straining condition (55W), the mean glenohumeral contact force over the
propulsion cycle was 70% higher and the peak value was even 95% higher than during
handcycling. Also the relative muscle forces were lower during handcycling. There, the
load was nicely spread over all muscles involved and they produced a relative muscle
force of less than 10% of its maximal value. During wheelchair propulsion, however, some
of the muscles were relatively highly stressed. The highest difference of relative muscle
force between the two devices was found in the supraspinatus (20.7% vs. 4.5%) and
infraspinatus (16.5% vs. 3.7%). These muscles are both part of the rotator cuff, which is
most prone to overuse injuries. A lower muscle force could thus decrease the risk of
fatigue and overuse. As a conclusion, these results showed that the handbike is a
preferable alternative propulsion mode for outdoor mobility and exercise, likely to reduce
the development of overuse injuries.
Since the results from the previous chapters showed that the handbike is preferable over
the handrim wheelchair regarding shoulder load, the further chapters of the thesis
concentrated on handcycling only. There, the aim was to analyze whether the handbike
setup and its optimized use could further lower the mechanical and physiological strain.
So far, it was not known whether there are different styles to propel the handbike, and
whether they also differ in physiological strain. The aim of chapter 6 was to examine
which styles are used by trained handbike users with SCI and whether there is a certain
style associated with a higher mechanical efficiency. Recommendations based on this
knowledge would improve training methods of athletes or could increase the cycling
capacity of recreational users. The results of this chapter showed, that during handcycling
at power outputs of 20-70W on a motor driven treadmill, two different propulsion styles
were predominately used: the pull style and the pull plus style. During the lower power
output conditions, mainly the pull plus style was used. With higher power output levels,
where also mechanical efficiency increased, it was the pull style that predominated. It
could not be concluded that one propulsion style is most efficient; yet, subjects seemed
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to adapt the propulsion style to different power output levels. This suggests that subjects
choose the style that is most economical, depending on the power output level.
The handbike-user interface is a further factor that could positively influence shoulder
load and mechanical efficiency. An optimal handbike setup might contribute to decrease
the risk of overuse injuries to the musculoskeletal structures of the upper extremity:
Furthermore, an increase in mobility is to be expected due to a setup that results in a
higher mechanical efficiency. Both backrest inclination and crank position are essential
parameters in handcycling that should be considered when optimizing the handbike-user
interface. The analysis of these parameters was performed in chapter 7, where 13
handbike users with paraplegia cycled with different setups at constant power outputs.
This study showed that, while cycling under laboratory conditions, the handbike-user
interface does influence shoulder load but not mechanical efficiency. Regarding the
shoulder load, an upright backrest inclination of 60° was most favorable. In this setup, the
glenohumeral contact force as well as the modeled muscle forces of the supraspinatus
and infraspinatus were the lowest. The position of the crank only affected the relative
force of the subscapularis. There, the distant crank position (15° elbow flexion angle) was
favorable. According to these results, handbike users, whose main interest does not lie in
achieving high performances but improving health and physical capacity in a shoulderfriendly way, should set up their handbike with an upright backrest inclination and a
distant crank placement.
In chapter 8, the main findings of the studies described in this thesis were summarized
and discussed. The results of these studies contributed to a better understanding of
mechanical and physiological strain of handcycling as an alternative mobility device. This
thesis showed that the choice of the mobility device as well as its optimal setup can
contribute to lower the risk for overuse injuries to the shoulder complex. Since the
mechanical load on the shoulder joint was lower during handcycling than during handrim
wheelchair propulsion, the increased use of the handbike in early rehabilitation could
contribute to improve the physical fitness and mobility of persons with spinal cord injury
while lowering the risk for overuse injuries. An optimal handbike setup, which is
characterized by an upright backrest and a distant crank placement, could further
contribute.
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Lichamelijke activiteit is erg belangrijk om de algemene gezondheid van mensen met een
dwarslaesie in stand te houden. Door de beperking van de onderste extremiteiten is dit bij
mensen met een dwarslaesie alleen mogelijk door het bewegen/oefenen van de bovenste
extremiteiten. De negatieve gevolgen van een verhoogde lichamelijke activiteit met de
bovenste
extremiteiten
zijn
overbelasting
met
als
mogelijk
gevolg
overbelastingsblessures en pijn van het bewegingsapparaat. Bij mensen met een
dwarslaesie wordt een schouderpijn prevalentie van 30–70% aangegeven wat erop duidt
dat voor mensen met een dwarslaesie overbelastingsblessures van het
bewegingsapparaat een serieus, langdurig probleem zijn.
Verhoging van de lichamelijke belastbaarheid en spierkracht van de bovenste extremiteit
via een aangepaste en regelmatige training en al beginnend in de vroege revalidatie,
kunnen helpen om overbelastingsblessures te voorkomen. Hoewel aangetoond is dat
rolstoelrijden een voor de armen belastend en inefficiënt voortbewegingsmiddel is, is de
handbewogen rolstoel toch het meest gebruikte voortbewegingsmiddel van mensen met
een dwarslaesie. Het gebruik van alternatieve systemen voor zowel dagelijks gebruik als
voor training, zoals de bijvoorbeeld de handbike, zou overbelastingsblessures kunnen
verkomen.
Handbiken is efficiënter en fysiologisch minder belastend in vergelijking tot rolstoelrijden
en daarom lijkt de handbike dus geschikt voor revalidatie en sport. Onbekend is echter of
het gebruik van de handbike een effect heeft op verbetering van de spierkracht van de
bovenste extremiteit en tot vermindering van blessures van de bovenste extremiteit kan
leiden.
Het doel van dit proefschrift was om de lichamelijke belasting en de efficiëntie van
handcycling in relatie tot de mechanische belasting van het schouder complex te
bestuderen. Hiertoe werden handcycling en rolstoelrijden met elkaar vergeleken en
werden verschillende handbike instellingen bekeken, gebruik makend van
biomechanische en fysiologische uitkomstmaten.
Er zijn nog maar weinig biomechanische studies uitgevoerd die de uitgeoefende kracht
tijdens handcycling bestuderen. Daarnaast is niet bekend hoe de uitgeoefende kracht
beïnvloed wordt door de belastingsconditie. In hoofdstuk 2 is gekeken naar het effect
van verschillende belastingscondities, snelheid en de methode om weerstand op te
leggen, op de aandrijftechniek (uitgeoefende kracht, kracht effectiviteit and de verdeling
van arbeid). Het doel van deze studie was om een basis te leggen voor de planning en
interpretatie van de daarop volgende handbike studies. Tien gezonde mannen, zonder
handbike ervaring, reden onder submaximale condities met de handbike op een
loopband. De verwachting was dat gezonde mannen eenduidig zouden reageren op de
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belastingscondities, omdat ze geen ervaring hadden met handcycling en niet gehinderd
werden door een lichamelijke beperking. Gevonden werd dat de voortbewegingsnelheid,
met hetzelfde vermogen, een invloed heeft op de kenmerken van krachtleverantie. Bij
hogere snelheid veranderde de hoogte van de uitgeoefende kracht, de krachteffectiviteit
en de verdeling van de arbeid tijdens de cyclus en daarom zou de voortbewegingsnelheid
in aanmerking genomen moeten worden bij het analyseren van de uitgeoefende kracht.
De rolweerstand werd in deze studie gemanipuleerd door de helling van de loopband te
veranderen en door gebruik te maken van gewichten via een katrolsysteem tijdens rijden
op een horizontale loopband. De methode om weerstand op te leggen had echter geen
effect op de krachtleverantie; hieruit mag men dus concluderen dat handbike studies
uitgevoerd met verschillende methoden, maar waar gecontroleerd wordt voor snelheid
en vermogen, met elkaar vergeleken mogen worden.
In hoofdstuk 3 werd onderzocht of de handbike niet alleen fysiologisch maar ook
mechanisch minder belastend is voor de schouder in vergelijking tot de handbewogen
rolstoel. De uitgeoefende krachten en de techniekvariabelen van handcycling werden
vergeleken met rolstoelrijden onder vergelijkbare condities. Omdat de interne
schouderkracht gerelateerd is aan de uitgeoefende kracht was deze studie een eerste
aanzet om indirect de schouderbelasting tussen handcycling en rolstoelrijden onder
vergelijkbare submaximale inspanningsomstandigheden met elkaar te vergelijken. Door
de continue krachtleverantie was de uitgeoefende kracht voor handcycling veel lager dan
voor rolstoelrijden. De gemiddelde kracht over de cyclus was voor rolstoelrijden 20%
hoger en de piekkracht was zelfs 170% hoger. Deze resultaten bevestigen de
veronderstelling dat handcycling niet alleen fysiologisch maar ook biomechanisch minder
belastend is.
Een van de belangrijkste doelen van dit proefschrift was om de schouderbelasting tijdens
handcycling te bestuderen. In vergelijking met de extern uitoefende kracht is de interne
gewrichtsreactiekracht een veel nauwkeuriger en meer omvattende maat voor
schouderbelasting. Niet eerder werden de gewrichtsreactiekracht en de relatieve
spierkracht tijdens handcycling bestudeerd. Het doel van hoofdstuk 4 was om inzicht te
krijgen in de schouderbelasting tijdens handcycling onder verschillende
belastingscondities. Daarnaast werden de resultaten vergeleken met de literatuur over de
schouderbelasting tijdens rolstoelrijden om zo het verschil in schouderbelasting tussen de
twee voortbewegingsmiddelen in kaart te brengen. Zoals verwacht was de
gewrichtsreactiekracht in de schouder hoger bij het rijden tegen een hogere helling, dit
vanwege het hogere op te brengen vermogen en de hogere uitgeoefende kracht. Bij het
rijden op een hogere snelheid en daarom een hogere pushfrequentie bij gelijkblijvend
vermogen, daalde de uitgeoefende kracht. De gewrichtsreactiekracht bleef echter gelijk,
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net als de spierkracht van de schouderspieren. Bij de hogere snelheden werd dus
spierkracht geproduceerd die niet direct bijdroeg aan de uitgeoefende kracht. De
vergelijking met literatuur over rolstoelrijden toont aan dat, door de circulaire beweging
en de continue krachtoverdracht, de gewrichtsreactiekracht en de spierkracht beduidend
lager zijn bij handcycling. Deze resultaten ondersteunen het vermoeden dat handcycling
mechanisch minder belastend is dan rolstoelrijden en veronderstelt daarmee dat
handcycling in vergelijking met rolstoelrijden het risico op overbelastingsblessures kan
verminderen.
In hoofdstuk 5 werd het vorige onderzoek voortgezet, maar nu met een directe
vergelijking van de schouderbelasting tussen handcycling en rolstoelrijden. De
gewrichtsreactiekracht en de relatieve spierkracht werden geanalyseerd tijdens rijden op
verschillende, dagelijkse vermogensniveaus. Dit onderzoek werd uitgevoerd met acht
rolstoelgebruikers met een dwarslaesie om zo de direct betrokken populatie te meten.
Ook hier werd gevonden dat zowel het gemiddelde als ook de piek
gewrichtsreactiekracht lager waren tijdens handcycling in vergelijking met rolstoelrijden.
Tijdens rolstoelrijden op het hoogste belastingsniveau (55W) was de gemiddelde
gewrichtsreactiekracht over de cyclus 70% hoger en de piek kracht zelfs 95% hoger dan
voor handcycling. Ook de spierkrachten waren lager tijdens handcycling. De belasting
was goed verdeeld over alle betrokken spieren en alle spieren leverden minder dan 10%
van de maximale kracht. Echter, tijdens rolstoelrijden werden een aantal schouderspieren
zwaar belast. Het grootste verschil in relatieve spierkracht tussen de twee
voortbewegingsmiddelen werd gevonden in de supraspinatus (20.7% vs. 4.5%) en de
infraspinatus (16.5% vs. 3.7%). Deze beide spieren maken deel uit van de
rotatorenmanchet. De rotatorenmanchet is erg gevoelig voor overbelastingsblessures en
een lagere spierkracht zou dus het risico op vermoeidheid en overbelasting kunnen
verlagen. Uit dit onderzoek kan geconcludeerd worden dat de handbike zowel voor
buitenshuis als voor trainingsactiviteiten een goed alternatief voortbewegingsmiddel is,
ten opzichte van de rolstoel. Handbiken lijkt het risico op het ontstaan van
overbelastingsblessures significant te kunnen verlagen.
De resultaten in de vorige hoofdstukken laten zien dat de handbike wat betreft de
schouderbelasting de voorkeur heeft boven de rolstoel. De volgende hoofdstukken van
dit proefschrift richten zich specifiek op de handbike. Het doel was om te bestuderen of
een optimalisatie van de instelling van de handbike en een optimaal gebruik van de
handbike de mechanische en fysiologische belasting verder kon verlagen.
Tot nu toe was het niet bekend of er verschillende technieken zijn om de kracht over te
brengen bij handcycling en of deze technieken meer of minder belastend zijn. Het doel
van het onderzoek in hoofdstuk 6 was de aandrijftechniek van geoefende handbike
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gebruikers in kaart te brengen en te analyseren of bepaalde technieken leiden tot een
hogere mechanische efficiëntie. Gebaseerd op de uitkomsten zouden aanbevelingen
opgesteld kunnen worden om trainingsmethoden van atleten te verbeteren of om de
capaciteit van recreatieve handbike gebruikers te verhogen. Resultaten lieten zien dat
tijdens handcycling op een loopband met een vermogen van 20-70W, twee verschillende
aandrijftechnieken dominant waren, namelijk de “pull plus techniek” en de “pull
techniek”. Tijdens de lagere belastingsniveaus werd de “pull plus techniek” gebruikt. Met
toename van de belasting, leidend tot een hogere mechanische efficiëntie, werd de “pull
techniek” meer gebruikt. Uit de resultaten kan niet geconcludeerd worden dat een
techniek meer efficiënt is. Wel pasten de proefpersonen hun techniek aan aan het
belastingsniveau. Dit suggereert dat handbikers afhankelijk van het belastingsniveau die
techniek kiezen die het meest economisch is.
De handbike-gebruiker interface is ook een factor die de schouderbelasting en de
mechanische efficiëntie positief kan beïnvloeden. Een optimale handbike instelling zou
kunnen bijdragen aan het verlagen van het risico op overbelastingsblessures van het
bewegingsapparaat van de bovenste extremiteit. Ook zou een optimale instelling kunnen
leiden tot een verhoogde mobiliteit als bij deze instelling de mechanische efficiëntie
hoger is. De hoek van de rugleuning en de positie van de crank ten opzichte van de
schouder zijn twee parameters die bekeken moeten worden bij het instellen van een
handbike. Deze parameters zijn onderzocht in hoofdstuk 7, waar 13 handbike gebruikers
met een paraplegie verschillende instellingen testten tijdens het rijden met een constante
belasting. Dit onderzoek liet zien dat de handbike-gebruiker interface, onder
laboratoriumcondities, invloed heeft op de schouderbelasting maar niet op de
mechanische efficiëntie. Een rugleuninginstelling onder een hoek van 60° was het
gunstigst voor de mechanische efficientie. Bij deze instelling waren de
gewrichtsreactiekracht en de relatieve belasting van de supraspinatus en de infraspinatus
het laagst. De crankpositie had slechts een kleine invloed op de relatieve kracht van de
subscapularis. Bij de crankpositie het verste weg ten opzichte van de schouder (15°
elleboog flexie) was de subscapularis belasting het laagst. Deze resultaten geven aan dat
handbike gebruikers die niet geïnteresseerd zijn in hoge sportieve prestaties, maar in het
behouden van gezondheid en fitheid op een ‘schouder vriendelijke’ manier, de handbike
moeten instellen met een relatief rechte rugleuning en een relatief verre positie van de
crank ten opzichte van de schouder.
In hoofdstuk 8 werden de belangrijkste resultaten van de in dit proefschrift beschreven
studies samengevat en bediscussieerd. De resultaten van het gedane onderzoek dragen
bij aan een beter inzicht in de mechanische en fysiologische belasting tijdens handcycling.
Dit proefschrift laat zien dat de juiste keuze en een goede instelling van de handbike
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kunnen bijdragen aan het verlagen van het risico op overbelastingsblessures van de
schouder. De mechanische belasting op het schoudergewricht was lager tijdens
handcycling dan tijdens rolstoelrijden. Daarom zou gebruik van de handbike in de
revalidatie kunnen bijdragen aan het verbeteren van de fysieke gezondheid en de
mobiliteit van mensen met een dwarslaesie en tevens het risico op
overbelastingsblessures, in vergelijking tot het trainen in een rolstoel, kunnen verlagen.
Een optimale instelling van de handbike, een relatief rechte rugleuning en een verre
positie van de crank, zouden het risico op overbelastingsblessures verder kunnen
verlagen.
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Körperliche Aktivität ist wichtig, um die allgemeine Gesundheit von Personen mit einer
Querschnittlähmung zu erhalten und zu verbessern. Durch die Einschränkung der unteren
Extremitäten wird die Betätigung vor allem durch die oberen Extremitäten ausgeführt.
Diese erhöhte Aktivität kann zu einer Überbelastung führen, welche Schmerzen und
Verletzungen des Bewegungsapparates zur Folge haben kann. Die Prävalenz der
Schulterschmerzen bei Personen mit einer Querschnittlähmung liegt zwischen 30% und
73%. Das zeigt, dass Überbelastungsverletzungen des Bewegungsapparates bei
querschnittgelähmten Personen ein gravierendes Problem darstellen.
Überbelastungsverletzungen können durch regelmässiges Training verhindert werden,
welches schon in der frühen Rehabilitation beginnt und zu einer Verbesserung der
physischen Kapazität und der Muskelkraft führt. Frühere Studien haben gezeigt, dass der
manuelle Rollstuhl, das am weitesten verbreitete Fortbewegungsmittel von Personen mit
einer Querschnittlähmung, ein anstrengendes und ineffizientes Fortbewegungsmittel ist.
Deshalb sollten für das Training alternative Geräte, wie zum Beispiel das Handbike, in
Betracht gezogen werden.
Die Fortbewegung mit dem Handbike hat sich als effizienter und physiologisch weniger
anstrengend als mit dem manuellen Rollstuhl erwiesen. Deshalb eignet sich dieses Gerät
für das Rehabilitationstraining und den Sport. Allerdings konnte bis zum jetzigen
Zeitpunkt noch keine Aussage darüber getroffen werden, ob es auch weniger belastend
für den Bewegungsapparat ist und somit das Auftreten von Schulterschmerzen
verringern kann.
Das Ziel dieser Dissertation war eine Analyse der physischen Belastung und der Effizienz
beim Handbikefahren, sowie der dazugehörigen mechanischen Belastung des
Schulterkomplexes. Zu diesem Zweck wurden biomechanische und physiologische
Kenngrössen des Handbike- und Rollstuhlfahrens verglichen und verschiedene
Einstellungen des Handbikes getestet.
Bislang gibt es wenige biomechanische Studien, die die angewandten Kräfte während des
Handbikefahrens analysieren. Daher ist noch unbekannt, wie die Testbedingungen die
Kraftanwendung beeinflusst. In Kapitel 2 wurden verschiedene Testsituationen
(Fahrgeschwindigkeit und Erzeugung des Leistungswiderstandes) und deren Einfluss auf
die Kraftanwendung (angewandte Kraft, Effektivität der Kraft und die Verteilung der
Arbeit) untersucht. Diese Studie wurde durchgeführt, um Grundkenntnisse für die
Planung und Interpretation zukünftiger Handbike-Studien zu erwerben. Zehn Männer
ohne Querschnittlähmung sowie ohne Handbike-Erfahrung wurden auf dem Laufband
während submaximalem Handbikefahrens getestet. Da diese Probandengruppe weder
Erfahrung im Handbikefahren, noch Einschränkungen durch eine Körperbehinderung hat,

160

Zusammenfassung

ging man von einer einheitlichen Reaktion auf die Trainingskonditionen aus. Die
Resultate zeigten, dass die Wahl der Fahrgeschwindigkeit bei gleicher Leistung einen
Einfluss auf die Kraftanwendung hat. Bei einer höheren Geschwindigkeit änderte sich die
Verteilung der Arbeit innerhalb der Kurbelumdrehung, sowie die Höhe und die
Effektivität der angewandten Kraft. Die Fahrgeschwindigkeit sollte somit bei der Analyse
der Kraftanwendung berücksichtigt werden. Die Methode, mit welcher der
Leistungswiderstand erzeugt wurde, hatte keinen Einfluss auf die Kraftanwendung. Bei
gleicher Leistung wurde kein Unterschied zwischen dem Fahren auf einer Steigung und
dem Fahren auf einer Ebene mit zusätzlichem Widerstand durch ein Zugsystem
festgestellt. Somit sind die Resultate von Studien, die diese beiden unterschiedlichen
Methoden verwendet haben, vergleichbar, solange dieselben Leistungs- und
Geschwindigkeitsbedingungen eingehalten wurden.
In Kapitel 3 wurde die mechanische Belastung beim Handbikefarhen im Vergleich zum
Fahren mit dem manuellen Rollstuhl analysiert. Dafür wurden die Antriebskräfte und eigenschaften des Handbike- und Rollstuhlfahrens unter gleichen Leistungsbedingungen
verglichen. Da die externe Kraftanwendung mit der internen Kraft im Schultergelenk
zusammenhängt, wurden diese Resultate für den indirekten Vergleich der
Schulterbelastung während des Rollstuhl- und Handbikefahrens genutzt. Die Ergebnisse
zeigten, dass die kontinuierliche Kraftanwendung während des Handbikefahrens einen
deutliche tieferen Kraftuaufwand zur Folge hatte. Bei gleicher Leistung war der
durchschnittliche Kraftaufwand beim Rollstuhlfahren 20% höher als beim
Handbikefahren. Die Maximalkräfte wiesen sogar einen Unterschied von 170% auf. Diese
Resultate bestätigen somit die Annahme, dass Handbikefahren nicht nur physiologisch,
sondern auch mechanisch weniger beanspruchend ist als Rollstuhlfahren.
Eines der Hauptziele dieser Dissertation war die Analyse der Schulterbelastung während
des Handbikefahrens. Die glenohumerale Kontaktkraft ist im Vergleich zu den externen
Antriebskräften die genauere und umfassendere Messgrösse um die Schulterbelastung zu
quantifizieren. In Kapitel 4 wurden erstmals die glenohumerale Kontaktkraft und die
relativen Muskelkräfte während des Handbikefahrens analysiert. Das Ziel dieser Studie
war es, Grundkenntnisse über die auftretende Schulterbelastung unter verschiedenen
Trainingsbedingungen zu erlangen. Um einen Eindruck über die unterschiedliche
Schulterbelastung beim Handbike- und Rollstuhlfahren zu erhalten, wurden die Resultate
zusätzlich mit Ergebnissen aus früheren Rollstuhlstudien verglichen. Die Ergebnisse der
durchgeführten Studie zeigten, dass mit steigender Neigung, und damit höherer Leistung
und höherer externer Antriebskraft, auch die glenohumerale Kontaktkraft zunahm. Mit
höherer Geschwindigkeit, und damit steigender Kadenz, nahmen die externen
Antriebskräfte bei gleicher Leistung ab. Die glenohumerale Kontaktkraft und die Kräfte
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der meisten Schultermuskeln hingegen änderten sich nicht. Somit entwickelte die
Schultermuskulatur bei den höheren Geschwindigkeiten zusätzliche, nicht zur
Fortbewegung genutzte Kräfte. Der erstmalige Vergleich mit Resultaten aus früheren
Rollstuhlstudien zeigte, dass die mittleren und maximalen glenohumeralen Kontaktkräfte
und die Muskelkräfte während des Handbikefahrens sehr viel kleiner sind als beim
Rollstuhlfahren. Das resultiert aus der kontinuierlichen und kreisförmigen
Antriebsbewegung des Handbikes. Wie die Resultate aus Kapitel 3 zeigten auch diese
Ergebnisse, dass Handbikefahren mechanisch weniger belastend ist als Rollstuhlfahren.
Dies könnte das Risiko einer Überbelastung der Schulter verringern.
Um die indirekten Schlussfolgerungen aus der vorigen Studie zu überprüfen, wurde der
direkte Vergleich der Schulterbelastung zwischen Handbike- und Rollstuhlfahren
durchgeführt. Dieser ist im Kapitel 5 dokumentiert. Die glenohumerale Kontaktkraft und
die relativen Muskelkräfte wurden während des Fahrens unter verschiedenen
Alltagsleistungen gemessen. Diese Studie wurde mit acht Rollstuhlfahrern mit einer
Querschnittlähmung durchgeführt um die direkt betroffenen Personen zu analysieren.
Die Resultate ergaben, dass die mittleren und maximalen glenohumeralen Kontaktkräfte
beim Handbikefahren deutlich geringer waren als beim Rollstuhlfahren. Bei der höchsten
Leistung (55W) war die mittlere glenohumerale Kontaktkraft (über den Antriebszyklus
gemessen) beim Rollstuhlfahren 70% höher als beim Handbikefahren. Die maximale
glenohumerale Kontaktkraft war sogar 95% höher. Auch die Muskelkräfte waren kleiner
während des Handbikefahrens. Die muskuläre Belastung beim Handbikefahren wurde
gleichmässig auf alle involvierten Muskeln verteilt, sodass alle Muskeln eine Kraft
erzeugten, die weniger als 10% ihrer jeweiligen Maximalkraft betrug. Beim
Rollstuhlfahren hingegen wurden einige Muskeln relativ stark beansprucht. Die grössten
Unterschiede zwischen den beiden Fortbewegungsmitteln wurden im Supraspinatus
(20.7% gegen 4.5%) und im Infraspinatus (16.5% gegen 3.7%) gemessen. Diese beiden
Muskeln sind Teil der Rotatorenmanschette, welche am meisten von
Überbelastungsverletzungen betroffen ist. Eine tiefere Muskelkraft könnte das Risiko für
Ermüdung und Überbelastung des Muskels senken. Diese Resultate zeigten somit, dass
das Handbike ein sinnvolles alternatives Fortbewegungs- und Trainingsgerät wäre,
welches die Zahl der Überbelastungsverletzungen verringern könnte.
Da die Ergebnisse der vorherigen Kapitel zeigten, dass das Handbike dem Rollstuhl in
Hinblick auf die Schulterbelastung vorzuziehen ist, konzentrieren sich die weiteren
Kapitel ausschliesslich auf das Handbike. Das Ziel war es, zu analysieren, ob der
optimierte Gebrauch und die Einstellungen des Handbikes die mechanische und
physiologische Belastung weiter senken können.
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Bisher war nicht bekannt, ob es verschiedene Antriebsstile beim Handbikefahren gibt und
wie sich diese auf die physiologische Belastung auswirken. Das Ziel von Kapitel 6 war die
Analyse der von trainierten Handbikefahrern verwendeten Stile und die Auswertung
dieser bezüglich ihrer Effizienz. Auf diesem Wissen basierte Empfehlungen könnten die
Trainingsmethoden der Athleten verbessern oder das Fahrvermögen der Alltagssportler
steigern. Die Resultate dieses Kapitels zeigten, dass beim Fahren auf dem Laufband mit
Leistungen von 20-70W vor allem zwei Stile angewendet wurden: Der „pull-Stil“ und der
„pull plus-Stil“. Bei tieferer Leistung wurde mehrheitlich der „pull plus-Stil“ gebraucht. Bei
gesteigertem Leistungsniveau wurde vermehrt der „pull-Stil“ verwendet. Aufgrund der
Resultate konnte nicht auf eine höhere Effizienz einer der beiden Stilen geschlossen
werden. Es schien, dass die Probanden je nach Leistungsstufe den ökonomischsten Stil
gewählt haben.
Die Anpassungdes Handbike an seinem Benutzer ist ein weiterer Faktor, welcher die
Schulterbelastung und die mechanische Effizienz positiv beeinflussen kann. Eine
optimale Einstellung des Handbikes kann zu einem geringeren Verletzungsrisiko des
Bewegungsapparates der oberen Extremitäten beitragen. Zusätzlich ist eine erhöhte
Mobilität durch eine verbesserte Effizienz zu erwarten. Die Neigung der Rückenlehne,
sowie die Position der Antriebskurbel sind wichtige Parameter, die bei der Optimierung
der Handbikeanpassung berücksichtig werden sollten. Diese Parameter wurden in
Kapitel 7 untersucht, wobei 13 Handbikefahrer mit einer Querschnittlähmung mit
verschiedenen Einstellungen des Handbikes bei konstanter Leistung gefahren sind. Die
Studie zeigte, dass die verschiedenen Einstellungen unter Laborbedingungen die
Schulterbelastung, jedoch nicht die mechanische Effizienz beeinflussten. Eine aufrechte
Sitzposition mit einem Neigungswinkel von 60° war am günstigsten im Hinblick auf die
Schulterbelastung. In dieser Position waren sowohl die glenohumerale Kontaktkraft, als
auch die modellierten Muskelkräfte des Supraspinatus und des Infraspinatus am
geringsten. Die Position der Kurbel beeinflusste nur die relative Muskelkraft des
Subscapularis. Diese Resultate zeigten, dass die weiter entfernte Kurbelposition (15°
Ellbogenflexion) optimal ist. Aufgrund dieser Ergebnisse kann Handbikefahrern, deren
Ziel nicht die maximale Leistung, sondern die Verbesserung der Gesundheit und der
Leistungskapazität ist, empfohlen werden ihr Handbike mit einer aufrechten
Rückenlehne und einer entfernten Kurbelposition einzustellen.
Im Kapitel 8 wurden die wichtigsten Resultate aller Studien dieser Dissertation
zusammengefasst und diskutiert. Diese Ergebnisse tragen zu einem besseren Verständnis
der mechanischen und physiologische Belastung beim Handbikefahren bei. Diese
Dissertation zeigte, dass die Wahl des Fortbewegungsmittels und dessen optimale
Einstellung zu einer Verringerung des Verletzungsrisikos des Schulterkomplexes
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beitragen kann. Die verschiedenen Studien haben einheitlich gezeigt, dass die
mechanische Belastung des Schultergelenks beim Handbikefahren geringer ist als beim
Rollstuhlfahren. Somit könnte ein vermehrter Gebrauch des Handbikes schon in der
frühen Rehabilitation die Fitness und die Mobilität von Personen mit einer
Querschnittlähmung
verbessern
und
zusätzlich
das
Risiko
für
Überbelastungsverletzungen verringern. Eine optimale Einstellung des Handbikes,
welche sich durch eine aufrechte Rückenlehne und eine entfernte Kurbelposition
charakterisiert, trägt zusätzlich dazu bei.
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Abstract
Objective: To develop an instrumented handbike system to measure the forces applied
to the handgrip during handbiking.
Methods: A six degrees of freedom force sensor was built into the handgrip of an attachunit handbike, together with two optical encoders to measure the orientation of the
handgrip and crank in space. Linearity, precision, and percent error were determined for
static and dynamic tests.
Results: High linearity was demonstrated for both the static and dynamic condition
(r=1.01). Precision was high under the static condition (standard deviation of 0.2N),
however the precision decreased with higher loads during the dynamic condition. Percent
error values were between 0.3 and 5.1%.
Discussion: This is the first instrumented handbike system that can register 3dimensional forces. It can be concluded that the instrumented handbike system allows for
an accurate force analysis based on forces registered at the handle bars.
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Introduction
In rehabilitation practice, wheeled sports and hand rim wheelchair research, measuring
the three dimensional (3D) forces during wheelchair propulsion is nowadays more or less
37
common . With the information of the force characteristics, magnitude and direction of
24
forces, the effectiveness of force production as well as the performance of the subject
119
can be analyzed and risk factors for overuse injuries can be identified . With the use of
upper extremity models, joint reaction forces can be determined from dynamic output
208
and kinematic information
. Similar information is necessary to understand and
improve the performance of handbiking. The handbike has become an important
mobility device used for sports, recreation and outdoor mobility for persons with lower
177
limb impairments
. Handbiking improves fitness and enables persons to be
independent with their mobility outdoors. With an add-on handbike even a transfer is not
necessary anymore so that persons with a lesion under the level C5 are potentially able to
177
ride a handbike . The energy cost of handbiking is considerably lower compared to hand
rim wheelchair propulsion and because of favorable mechanics, the mechanical strain is
188
assumed to be lower . However to prove the assumptions that handbiking is indeed a
less straining mobility device and an alternative to the hand rim wheelchair, 3D force
measurements during handbiking have to be performed in order to calculate the
mechanical strain.
Measuring forces during cyclic modes of ambulation is complex and has grown with the
development of portable computers, data loggers and modern communication
86
technology. It started in 1968 by measuring the normal force during cycling with a one
degree of freedom force sensor under the pedal. Later, force pedals were constructed to
79, 166
63, 91
27
measure force in two
and three dimensions
. In 1981 Brubaker et al. developed
the first instrumented wheelchair to measure the effect of seat position on the hand
forces applied to the rim. In this wheelchair the push rim was connected to strain gauged
9
223
beams. This was also the idea behind the laboratory systems of Asato et al. , Wu et al. ,
69
202
Finley et al.
and van Drongelen et al.
. Nowadays there are wireless systems
commercially available: SmartWheel (Three Rivers Holdings, Mesa AZ, USA) and
147
OptiPush (Max Mobility, LLC, Antioch, USA).
Another system, a wheelchair ergometer, which detects torque in the wheels and forces
128
in the seat, backrest and wheel frames , has been used in multiple studies by Veeger
41, 193, 208, 214
and van der Woude
. The last decade also instrumented racing wheels have
77
been developed. A 2-dimensional system was developed by Goosey-Tolfrey et al. , a 3109
dimensional wheel by Limroongreungrat and coworkers .
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Since the seventies and eighties the handbike has been a topic of interest in rehabilitation
189
research. Van der Woude et al.
was one of the first to compare the mechanical
efficiency and the power output of the handbike to the hand rim wheelchair. More studies
2
on physiological aspects of handcycling were performed by Abel et al. , Dallmeijer et
42, 45
122-123
218
197
al.
, Mukherjee et al.
, Verellen et al.
and van der Woude et al. . Recently,
64, 66
changes in the user-handbike interface have been studied by Faupin et al.
and
76
Goosey-Tolfrey et al. . They studied the influence of backrest and crank adjustments on
the handbike kinematics. However, there are hardly any data available on propulsion
10
kinetics for handbiking. Bafghi et al.
were the first to measure the kinetics of
handbiking. They used the precursor of the here presented instrumented handbike which
was not equipped with angle sensors by then. Therefore the forces measured in that
218
study were not analyzed in detail. Besides a study of Verellen et al. who measured the
197
torque at the crank axis via a computer controlled motor, van der Woude et al.
who
evaluated the power output with a SRM system, no detailed propulsion kinetics during
103
67
handbiking have been measured yet. Only recently Krämer et al.
and Faupin et al.
used a system which measures the hand forces in two dimensions however details on the
propulsion forces are not published yet.
In this study a new instrumented handbike system for measuring three dimensional (3D)
forces, applied to the handgrip is presented. The aim of this technical note is to provide
background information on the technical aspects of the measurement system and to
report on its accuracy and its reproducibility.

Design of the instrumented handbike
The instrumentation was fitted to a commercial attach-unit handbike which consists of a
hand rim propelled wheelchair (Pro-Competition, Cyclone Mobility & Fitness,
Bromborough, UK) and a Tracker® (Double Performance B.V., Gouda, the Netherlands)
by the technical department of the Faculty of Human Movement Sciences, VU University
Amsterdam, The Netherlands. The Tracker is a mechanism which connects handles on
cranks with a chain to a front wheel, equipped with a 7-gear axis (Shimano, Osaka,
Japan). When the Tracker is attached to the wheelchair, the front wheels of the
wheelchair are lifted and the driver is able to propel the chair by hand biking. Force and
angle sensors were built in the left side handle bar of the Tracker to measure the driver’s
performance in terms of 3D force, effectiveness and unilateral power output (figure A.1).
The cranks fitted on the Tracker had a length of 0.17m and the outside distance between
the handgrips was 0.44m.
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Figure A.1.
Tracker with force and
angle sensors mounted
to the wheelchair.

Force measurement
To measure the forces exerted by the hand, the stud of the left handle of the Tracker was
replaced by a force sensor (FS6-500, Advanced Mechanical Technology, Inc. Watertown
MA, USA). The force transducer is fixed to the handgrip and rotates freely with the
handgrip around the crank (figure A.2). This strain gauge based device outputs three
voltages, which are linearly related to the three components of the force that is working
on the centre point of the sensor. The local coordinate system of the transducer is a
righthanded coordinate system with the z-force pointing horizontally outwards (figure
A.3). The output voltages of the sensor are filtered (low-pass 1000Hz) and amplified
(MSA-6, Advanced Mechanical Technology, Inc., Watertown MA, USA) and sampled by
the dataacquisition unit at a rate of 100Hz. The data-acquisition unit has a resolution of 16
bits and an input range of ± 10V.
An estimation of the accuracy of the sensor can be calculated. The main sensitivity of the
x-channel is 1.33 x 10-6V/N at 1V excitation, the excitation voltage is 4.98V, the
amplification of the x-channel is 3982.3 times, thus the chain of sensor and amplifier
generates 0.026V/N. This voltage is digitized with a resolution of 16 bits over 20V, giving
305.2 x 10-6V/lsb. The measurement error is therefore estimated to be 0.012N/lsb. In fact,
this estimation is the lower limit of the accuracy, as noise and drift are always present on
force signals.
Unit-specific calibration constants and the procedure to calculate forces and moments
from the output voltages were provided by the supplier (Advanced Mechanical
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Technology, Inc., Watertown MA, USA). The procedure to calculate the force and
moment components accounts for cross-talk on the different channels and is therefore
the most accurate method.

Chain wheel

Angle sensor Alpha

Force transducer

Handgrip

Angle sensor Beta

Figure A.2.
Overview of the angle
sensors
and
the
positioning of the force
transducer in the stud of
the handle.

Angle measurement
The forces applied to the handgrip are measured in the local coordinate system of the
transducer. To express the forces in a global coordinate system the angle of the handgrip
as well as the angle of the crank has to be measured.
To measure these two angles, miniature incremental optical encoders (Type 19, Elcis,
Collegno, Italy) were mounted and connected to the axes of the crank and the handle bar
by means of a small timing belt (figure A.2). The application of timing belts excludes the
risk of slip. The encoder produces exactly 3600 pulses per revolution to measure the
change of angle and thus has an accuracy of 0.1°. These pulses appear on two channels,
with a phase difference of 90°. Depending on the direction of the angle change, a pulse
on the first channel is leading the pulse on the second channel or lagging behind. At a
certain point of each revolution a single index pulse is generated on a third channel, to
supply a reference and thus to make an absolute angle measurement possible. The
signals of the encoders are processed by a data-acquisition unit (NI USB-6218, National
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Instruments Corporation, Austin TX, USA) and converted into a signed angle value, which
is sampled along with the analogue signals.
The position at which each encoder generates the index pulse depends on the way the
encoder was mounted. To relate this index pulse to the reference point of the coordinate
system, a once-only calibration is necessary, to determine the difference between the
position of the index and the coordinate system reference axis. A digital protractor (Pro
3600, Mitutoyo, Aurora IL, USA) with an accuracy of 0.01° was used to this end. The
measured differences are accounted for in the data collecting software.

+xC

Crank

Ftan
+xT

+xB

Axis

β
Frad

Figure A.3. Overview of the different coordinate systems and the measured angles from
the left hand side. Abbreviations: xB: positive x-axis of the bike coordinate system xC:
positive x-axis of the crank coordinate system, xT: positive x-axis of the transducer
coordinate system, α: angle between the positive x-axis of the crank and the positive xaxis of the bike, β: angle between the positive x-axis of the transducer and the positive xaxis of the crank. Ftan: tangential force, Frad: radial force (not displayed Flat: medio-lateral
force (positive pointing outwards).
By means of the angle beta (β), the angle between the positive x-axis of the transducer
(T) and positive x-axis of crank (C), the forces can be transformed to the coordinate
system of the crank (figure A.3). The force along the crank towards the center of rotation
of the crank corresponds to Frad (radial force), the force perpendicular to Frad (lateral force)
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in the plane of the crank rotation corresponds to Ftan (tangential force) and Flat is pointing
horizontally outwards. The angle beta is measured by the sensor near the handgrip and is
positive when rotating counter-clockwise.
Alpha (α) is the angle between the x-axis of crank and the positive x-axis of coordinate
system of the bike (B). Alpha is positive when rotating counter-clockwise and is measured
by the sensor near the crank axis (figure A.3). By means of the angle alpha the orientation
of the crank and the phase of movement can be determined. The 0° position was defined
as the position where the crank is parallel to the propulsion surface, aiming towards the
person sitting in the handbike. By rotating the forces over alpha, the forces can be
expressed in the global coordinate system.

Electronic design
The instrumentation box consists internally of the AD converter (NI USB-6218, National
Instruments Corporation, Austin, TX, USA) for the analogue to digital conversion and the
optical separation to the PC, the amplifier (MSA-6, Advanced Mechanical Technology,
Inc. Watertown, MA, USA) and electronics to process the encoder signals. In order to
synchronize the data-acquisition of the handbike measurement system with a motion
capture system, an optically isolated digital signal output is available, which can be
switched at the start of the data-acquisition, triggering the start of the acquisition of the
other device. All the units are packed in a steel box with safety grounding. The whole
system is only partly ambulant since the instrumented handbike is connected to an
instrumentation box by 5 m long cables. The instrumentation box is connected to a
standard desktop PC.

Software design
The software program is written in a Labview environment (National Instruments
Corporation, Austin, TX, USA) and processes the digitized electrical signals, which are
sent to the computer via an USB connection. The program calculates and displays the
calculated force components and enables the user to export the raw and processed data.
Before each measurement the program displays a warning that three activities have to be
performed before the actual measurement can be started. First, the system has to be
auto zeroed. The zero values are electronically deducted from the input voltage. The
remainder of the noise has to be saved to a file (activity 2) and has to be deducted from
the values of the AD converter in an analysis program. The last activity is rotating the
crank over 360° in order for the angle sensors to find their zero position.
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Calculated forces are saved in a file together with the raw data and can be used for further
data analysis.

Validity and accuracy tests
The system was tested statically by applying five vertical reference loads (4.9, 9.8, 14.7,
19.6 and 24.5N) via a rope to the handgrip. Forces were measured in steps of 30° of crank
rotation (measured by angle alpha). All positions were measured twice for 5s in each
position.
Dynamic tests were executed both loaded and unloaded. In the unloaded condition the
system was rotated five times by the contra-lateral handgrip while measuring the forces
on the instrumented side.
For the loaded conditions, the system was rotated three times by the contra-lateral side,
while six forces ranging from 6.2 to 30.7N were applied to the instrumented side via a
pulley system. The applied forces were slightly higher compared to the static
measurements due to the additional weight of a mountaineering clip which was
necessary to fixate the weights to the crank via the pulley system.

Initial propulsion measurements
For the initial propulsion measurement one subject with paraplegia propelled the
handbike on a treadmill (“Mill” treadmill, Forcelink B.V., Culemborg, The Netherlands) at
five different power outputs (25, 35, 45, 55 and 65W) at a speed of 1.67ms-1. Before the
189
actual test, the individual rolling resistance was determined in a drag test
so that on
the basis of the rolling resistance, external power output could be regulated with an
external force acting via a pulley system on the handbike-user combination. The external
power output calculated on the basis of the rolling resistance (
) has to be compensated by an equal power generated by the hands on the
handgrips (
). Power generated by the hands was calculated
under the assumption that equal force was applied by the left and the right hand.

Data and Statistical analyses
For the static and dynamic testing conditions linearity coefficient (r, slope of linear
regression between measured and applied forces), coefficient of determination (R2,
square of the correlation coefficient between the measured and the applied forces),
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precision and percent error values were calculated. Precision was obtained from the
standard deviation (SD). Percent error was reported as the difference between the
measured and applied forces divided by the applied force. Further the root mean square
error (RMSE) of the measured force value relative to the applied force value was
calculated as a measure of the accuracy.
For the initial measurements, the raw data were filtered with a 2nd order Butterworth
33
filter with a cutoff frequency of the 10 Hz . The forces, expressed in the crank coordinate
system, were calculated (Ftan, Frad, Flat), the total force (Ftot) applied to the handgrip, as
well as the power generated by the hands.

Results
Static and dynamic tests
In table A.1 the results for the static tests are reported. Although the measured forces
showed a small variation over the different angles of the crank rotation (figure A.4), the
measured forces were rather precise as is shown by the low SD. The percent error ranged
from 0.6 to 5.1%.
Table A.1. Measured force for the static tests with applied forces ranging from 4.9 to
24.5N. All forces were applied via a rope in the vertical direction (gravity).
Applied force [N]
4.9
9.8
14.7
19.6
24.5
Mean calculated force [N]
5.2
9.9
14.8
20.0
25.0
SD
0.2
0.2
0.2
0.2
0.2
Percent Error
5.1
1.0
0.6
1.8
2.0
RMSE
0.3
0.2
0.2
0.4
0.5
Abbreviations: SD=standard deviation, RMSE=root means square error.
For all conditions the measured total force was slightly higher than the applied force
(table A.1). The deviation to the applied force increased when more force was applied to
the grip as is shown by the increasing RMSE. For the static testing the system showed
good linearity (1.015) and a coefficient of determination of 0.9997.
The unloaded dynamic measurement showed that the effect of gravity on the handle is
measured as a low force, even if no external force is applied. Mean (standard deviation)
over the five revolutions was 1.0 (0.3)N.
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Figure A.4.
Measured forces during
the static tests showing
the variation over the
crank rotation. The full
lines
represent
the
applied force.
For the loaded dynamic measurements, the measured forces were not constant over the
rotation (table A.2); at the higher loads the variation over the cycle was larger than 1N. As
with the static measurements the RMSE increased from 0.6 to 1.7 for the higher applied
forces. The percent error ranged from 1.9 to 6.1% for the lowest applied force. Also for
the dynamic testing the system showed good linearity (1.013) and an excellent coefficient
of determination of 0.9999.
Table A.2. Measured force for the dynamic tests with applied forces ranging from 6.2 to
30.7N. All forces were applied via rope and a pulley system in the horizontal direction.
Applied force [N]
6.2
11.1
16.0
20.9
25.8
30.7
Mean calculated force [N] 6.6
11.4
16.4
21.4
26.5
31.3
SD
0.4
0.6
0.8
1.0
1.3
1.6
Percent Error
6.1
2.4
2.1
2.3
2.4
1.9
RMSE
0.6
0.7
0.9
1.1
1.5
1.7

Initial propulsion measurements
In figure A.5 an example of the forces applied to the handgrip can be seen. Ftan is mainly
applied when the subject pulled the handgrip towards himself (180-360°). In this phase
Ftot is also higher.
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Figure A.5. Applied forces to the handgrip (expressed in crank coordinate system) as well
at the total force for the 35W condition. Forces are mean forces over 30s and normalized
over the rotation angle. Values are mean (continuous line) plus standard deviations (error
bars).
Abbreviations: Frad=radial force (black), Ftan=tangential force (dark grey), Flat=mediolateral force (light grey).
About the measurements at the different power outputs it can be said that the higher the
power output condition, the higher the measured forces at the handgrip.
The calculated power output was slightly higher for all power conditions compared to the
applied power output. For the 25, 35 and 55 W conditions the difference between the
applied and calculated power was under 1W. For the 45 and 65W conditions the
difference was around 2.5W.
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Discussion
The goal of this paper was to provide a background on the technical details of a newly
developed instrumented handbike system as well as to report on the accuracy of the
measured forces.
This instrumented handbike has been constructed out of commercially available parts.
Only for the housing of the angle sensors parts have been custom made. The system
67
introduced here is a prototype and can be compared to the systems of Faupin et al. and
102
Krämer et al. , however those systems are mounted on a sports handbike and measure
only force in 2 dimensions.

Static and dynamic tests
Most systems developed to measure the applied hand forces are hand rim wheelchair
systems. Of the commercially available systems the SmartWheel is used most often,
however not all systems are tested in the same extent. Details on the linearity are only
36
223
109
available for the systems of Asato et al. , Wu et al. , Limroongreungrat et al.
and
77
Goosey-Tolfrey et al. . All systems reported good linearity (0.91 - 0.99) or coefficients of
determination (0.81 - 0.99). The instrumented handbike introduced in this paper can
compete with these systems with a linearity of 1.01 and a coefficient of determination of
0.99.
Precision values of 0.6N for the forces and 0.6Nm for the moments were published for the
36
SmartWheel . The error reported for dynamic measurements was 3%. The system
223
developed by Wu et al.
showed small deviations in the force and moments, however
109
only in the plane of propulsion. For the system of Limroongreungrat et al.
also
precision values and percent errors were published. During the dynamic measurements
the standard deviation increased to 2N whereas the error increased to 4.3% under the
heaviest loading condition. The new handbike system showed equal developments with
an increasing standard deviation during the dynamic measurement.
Other system used for measuring wheelchair or handbike kinetics did not report on their
accuracy. The OptiPush is a rather new system, the system used in the studies of van
202
Drongelen et al.
was a prototype system with accuracy under 4N for the forces and
0.7Nm for the moments.
The handbike system was tested as a whole, not just the characteristics of the
commercial force transducer. Since the handgrip is fixed under an angle to the force
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transducer, the weights, which were attached via a line, might not apply the force
optimally.
The mass of the handgrip and likely the cable might influence the measured load. This
mass plus the mass of the force transducer might explain the slight overestimation of the
measured forces compared to the applied forces, however it is not expected to have
influenced the symmetry of propulsion. The subject testing the system did not experience
any unbalance caused by the weight of the transducer (0.1kg).
For the static and dynamic tests, only the total force was calculated, so linearity or errors
were not calculated for the separate force directions. This limitation origins from practical
limitations since it was impossible to apply perfectly tangential or radial forces to the
109
handbike system. Even Limroongreungrat et al.
who tested a sports wheel reported
only on the force in the propulsion plane and the lateral force. Further, the applied forces
were rather low but applying higher forces on the stationary system was not possible. The
fact that only the errors of the total force were reported might have covered directional
differences; nonetheless the overall values were excellent. The higher percent errors
occurred only during the relative low applied forces and RMSE’s under 1.7 are completely
in the expected boundaries.

Initial propulsion measurements
The forces measured during the initial measurements showed not much variation, which
indicates that the subject was able to propel comfortably with the instrumented
handbike. The fact that most force was produced in the pulling phase is likely due to the
fact that during pulling the thorax can be used actively in contrast to during pushing.
Further the weight of the arm will contribute to force production in the downward phase
whereas in the upward phase the weight of the arm has to be compensated by muscle
force. More research will have to show if all handbikers propel in the same way and
whether the force characteristics change under different conditions.
Since there are almost no data available on handbike kinetics it is difficult to compare the
10
measured forces. Bafghi et al. who used the system without angle sensors, were not
able to discern Ftan and Frad as was done in the present study. Regarding the test
conditions of both studies the medio-lateral forces are in agreement.

Limitations
The system designed and tested here is the first handbike which can measure forces in
3D. Since it is a prototype there are issues which can be improved. The current system can
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be further improved by installing a wireless communication system or a data logger in
order to collect field data. With a wireless system it will be easier to collect data when
propelling the handbike in the community and measure not only the forces during
propelling but during starting and stopping as well.
Of course the ideal situation would be to design a crank system which can be installed on
subjects’ own handbike, like the SmartWheel or the OptiPush for wheelchairs. With such
a system, studies could be conducted when subjects propel their own individual setup
handbike during a race or in another field situation. Drawback could be that, as with this
system, after removal and reinstallation of the instrumented crank a new calibration has
to be performed.

Conclusion
This paper introduced a new instrumented handbike which will help to understand the
force application and power production during handbiking. The developed instrumented
handbike system allows for an accurate force analysis based on forces registered at the
handle bars. Information will become available on the performance of handbikers;
namely a more effective and efficient force application will improve their performance. A
better insight can also be provided on the risk for musculoskeletal injuries. Together with
kinematic analyses and EMG measurements the force data can be used as input for
various biomechanical models.
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