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ABSTRACT 

 

Manual wheelchair users are at a high risk of pain and developing injuries to the upper extremities. 

Recent research has documented that repetitive motion and high loads during manual wheelchair 

propulsion were, at least in part, responsible for strain injury and pain. Reducing mechanical 

inefficiency during wheelchair propulsion is crucial to decreasing physical strain and pain in daily life. 

To improve the mechanical efficiency of manual wheelchair propulsion, insight into the underlying 

biomechanical mechanisms and kinetic as well as kinematic assessment are required. For better 

understanding, the investigation of the kinetic demands during the propulsion beyond the standard 

level is required. Investigators have used various devices to determine kinetic parameters for 

propulsion, such as a wheelchair treadmill, ergometer, and wheelchair dynamometer. These devices 

have the considerable advantage that subjects can be tested in their own personal wheelchair, allowing 

for proper analysis of physiology, kinematics, and kinetics. Dynamic calibration of the developed 

device has been emphasized in order to compare the result of one study to another. Determining the 

inertial and resistance component of the developed wheelchair dynamometer is indispensable.  

The purpose of the present study is two-fold. We developed a torque transducer-mounted inertial- 

type wheelchair dynamometer and then implemented a dynamic calibration test to characterize its 

properties. Next, we recruited experienced and inexperienced manual wheelchair users as subjects for 

the propulsion motion analysis in order to compare their kinematic and kinetic parameters. 

The hypotheses and the purpose of this study are described in Chapter 1, and the basic theories 

about manual wheelchair propulsion mechanics from recent studies are summarized in Chapter 2. The 

methods and process of development and calibration of a wheelchair dynamometer are explained in 

Chapter 3. The strengths of the developed wheelchair dynamometer are easy and convenient to 

calculate the rear wheel torque as well as inexpensiveness compare with the other ergometers or 

dynamometers. It has the strength to give a measured torque. It is more accurate and actual value 

compared with the pure inertial type dynamometer (without sensors). We believe this sensor mounted 
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wheelchair dynamometer is the most reasonable choice for the study. In addition, we estimated the 

unknown radial force of propulsion through the application of the mathematical models for 

optimization. Finally, experimental method and results of the propulsion motion with two groups of 

volunteers (novice and experienced) under the four different speed-load conditions (light-slow, light-

fast, heavy-slow, heavy-fast) are described in Chapter 4. The results of within- and between- 

comparisons of kinematic and kinetic parameters of two groups under the four conditions were 

summarized as follows; 

1. The experienced had larger variances of the linear velocities and contact times than those of the 

novices. 

2. The propulsion angles of the experienced were larger than those of the novices in all conditions. 

3. The experienced had various propulsion patterns and wide range of propulsion trajectories. 

4. Joint angles had not significant differences within- and between- groups. 

5. The maximum propulsion torques of the experienced were larger than those of the novices in 

all conditions. 

6. The propulsion powers of the experienced were larger than those of the novices except the 

light-slow condition. 

7. The variances of the propulsion force (both radial and tangential) of the experienced were 

larger than those of the novices. 

8. The shoulder joint moment had the largest variance with conditions then the wrist joint 

moment, and the elbow joint moment had the smallest variance. The variance of the maximum 

shoulder joint moment with conditions was over four times of variance of the maximum wrist 

joint moment and eight times of the maximum elbow joint moment. 

9. The maximum joint moments increased significantly with the increase of speed and load both 

in the experienced and the novices. 

10. The maximum elbow extension moments of the experienced were always larger than those of 

the novices in all conditions although the maximum shoulder and wrist joint moments had 
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insignificant differences. 

11. We could acquire more realistic results by using the measured torque value and wrist joint 

moments to the optimization method for estimation the radial propulsion force with object 

function of minimizing work. 

The experienced subjects were all professional wheelchair tennis players with five or more years of 

experience. Therefore, we believed that they have mechanical efficiency to use manual wheelchairs. 

Quick and large manipulation ability according to the environmental change is considered one of the 

important factors that how to propel the manual wheelchair efficiently. This efficiency could be 

confirmed by the results of the propulsion powers comparison with the novices. Sophisticated 

strategies of the efficient manual wheelchair propulsion could be understood by observation of the 

physical responses of each upper limb joint to the changes of load and speed. We expect the methods 

and results of this study could be helpful to evaluate the mechanical efficiency of the manual 

wheelchair propulsion quantitatively.  

 

 



1 

 

1. INTRODUCTION 

 

1.1 Wheelchair 

Wheelchairs and scooters make up a significant portion of assistive devices today. There is 

anticipated continued growth in the wheelchair usage due to increasing aging populations, longevity, 

and increased incidence of traumatic injuries, and more effective therapies for chronic diseases.  

The earliest chair with wheels were said to be created as early as 4000 BC. In the late 19
th
 century, 

wooden wheelchairs (Figure 1. (A)) converted into iron wheels, and they were added push-rims to 

allow users to propel by themselves. However, the modern wheelchair was developed in 1932 by 

Harry Jennings and Herbert Everest (Figure 1. (B)). Their wheelchair was made of tubular steel and 

was capable of folding to fit in a car. Many of today’s wheelchairs are being developed based on this 

design.  

After the development of the reliable and efficient electric powered wheelchair (EPW) (Figure 1. (C)) 

in the late 1970s, various types of EPWs are available today. In spite of the great convenience of the 

EPW, manual wheelchairs are prescribed for most people with disabilities except those whom have 

conditions such as obesity, overuse of the upper limbs, long-time living with a disability, and poor 

health and nutrition.  

Manual wheelchairs are widely used by individuals who need to be facilitated the upper body 

strength, function, and stamina, for example, individuals with spinal cord injury, spina bifida, early 

stage of multiple sclerosis, lower limb amputations, postpolio affecting only the lower limbs, arthritis, 

stroke, older age or cardiopulmonary disease [1]. 

Besides these two types of typical wheelchairs, there are several variants of wheelchairs. They are 

bariatric wheelchair, pediatric wheelchair, sports wheelchair, standing wheelchair, scooters, ultra-light 

wheelchair, and power assist wheelchair (Figure 2.). 
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(A)                   (B)                  (C) 

Figure 1. Wooden wheelchair on 20th century (A); Basic design of modern wheelchair (right); A typical modern 

battery powered chair (C) 

 

 

 

Figure 2. Various types of modern wheelchairs 
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1.2 Upper Extremity Injury and Manual Wheelchair Propulsion  

Manual wheelchair propulsion is associated with physical strain and mechanical loading of the 

musculoskeletal system. This is partly explained by the low mechanical efficiency of manual 

wheelchair propulsion which rarely exceeds 11% [2-4].  

 Long-term wheelchair users suffer from a variety of overuse syndromes of the upper extremity [5-

11]. Approximately 68% of manual wheelchair users complain of some upper-extremity pain [6]. The 

shoulder is the source of most complaints. The incidence of shoulder injury or pain is between 30% 

and 52% in the manual wheelchair user population [5, 6, 12, 13].  

Although the shoulder is the most common site of musculoskeletal injury in manual wheelchair users, 

elbow, wrist and hand pain are also commonly reported. Sie et al. reported elbow, wrist and hand pain 

in 16%, 13% and 11% of the cases, respectively [14]. Gellman et al found that 49% of a group of 

patients with paraplegia had signs and symptoms of carpal tunnel syndrome. He speculated that the 

high incidence of the median nerve dysfunction was caused by several activities of daily living 

including manual wheelchair propulsion [15]. Boninger et al found that pushrim biomechanics and 

body weight were both related to median nerve function; they therefore believed that manual 

wheelchair propulsion may have a role in the development of the median nerve disorders [16].  

It is believed that the pain was related to overuse of the arm during wheelchair propulsion in all 

studies on upper extremity pain, and that traditional work aimed at prevention strategies. Although 

this implication of manual wheelchair propulsion and upper extremity overuse injury, relatively few 

rigorous scientific data are available to relate wheelchair propulsion biomechanics to specific upper 

extremity overuse injuries. Research has suggested that relatively high joint moments exist at the 

shoulder during wheelchair propulsion and the relative magnitudes of shoulder and elbow joint 

moments are roughly double the peak wrist joint moments required during propulsion [17-21]. Over 

time, these large moments are thought to lead to upper extremity overuse injury. Therefore, 

mechanically inefficient wheelchair propelling [23, 24] could be a risk of injuries after long-term 
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propulsion [25, 26]. The kinematics and kinetics of propulsion is highly influenced by the user–

wheelchair interface. Inertia and the rolling resistance of the manual wheelchair are the major 

opposing forces and are influenced by such factors as overall mass; frame design; and wheel, tire, and 

wheel bearing characteristics. For this reason, the mass of everyday and sport manual wheelchairs has 

been reduced dramatically. Changes in frame construction materials from traditional stainless steel to 

other materials (eg, aluminum, titanium, carbon fiber, and other alloys) have had a strong impact on 

the mass, design, strength, and durability of manual wheelchairs [25-29]. Hilbers and White [30] 

found that the energy cost of propelling a sport manual wheelchair at a specific velocity was 17% less 

than the cost of propelling a conventional manual wheelchair. Beekman et al found that an ultra-light 

manual wheelchair (12.2 kg) user’s speed and distance traveled were greater than that for a standard 

manual wheelchair (20 kg) [31].  
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1.3 Purposes of the Study  

Studying physiological and mechanical strain of manual wheelchair propulsion is often limited to 

laboratory settings. Therefore, technologies giving detail and accurate measurement are required. 

Wheel-based measurement systems allow for the collection of propulsion kinetics and joint 

kinematics in a variety of settings. Three dimensional motion analysis systems are used to collect 

information about movement patterns of upper extremities, head and torso during propulsion. This 

system measures joint position and range of motion, joint acceleration, and stroke patterns. In contrast, 

kinetics estimate net joint moment and force during propulsion. For kinetic study of wheelchair 

propulsion, a wheelchair ergometer, dynamometer, roller system, treadmill, or instrumented wheels 

have been used alone or in combination to simulate wheelchair motion. In addition, to study the force 

impact of wheeling requires not only the measurement system but also the detailed biomechanical 

modeling [32, 33]. 

 The purposes of this study were;  

 

1. to develope an adjustable and convenient wheelchair dynamometer for the laboratory. 

 

2. to develope mathematical models being consistent with the measurement system for 

calculation of the kinetic parameters. 

 

3. to compare the kinematic, kinetic parameters of manual wheelchair propulsion between two 

groups and within group. 
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1.4 Hypothesis 

 

1. The developed wheelchair dynamometer and simple numerical models for the system would 

give useful kinetic parameters about the upper limb joints during manual wheelchair 

propulsion. 

 

 

2. Kinematic and kinetic results in various conditions to manual wheelchair propulsion would 

give useful information to describe an efficient propulsion method for prevention injury. 
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2. BACKGROUND AND PREVIOUS STUDIES 

 

2.1 The Mechanics of the Manual Wheelchair Propulsion 

2.1.1 Propulsion cycle 

The stroke (propulsion) cycle has been described as having two phases – push and recovery (Figure 

3.). The push phase is defined as the period when the hand is in contact with the pushrim and applying 

force to the pushrim to maintain or increase wheelchair velocity, while the recovery phase is the 

period between consecutive push phases when the arms are retracted in preparation for another push 

[1]. These phases are analogous to the stance and swing phases described in the gait cycle. Both sets 

of phases describe a repeating sequence of unilateral loading and unloading of distal segments to 

facilitate mobility. Kwarciak subdivided the contact phase into the initial contact, propulsion, and 

release periods and the recovery phase into the follow-through, return, and approach [2]. 

The shoulder should be in vertical alignment with or slightly in front of the axle of the wheel to propel 

a manual wheelchair. When the axle is in the correct position and the upper body is in balance, users 

reach as far back as possible on the rim of the wheelchair and initiate a propulsion stroke. The contact 

phase is a closed chain event, during which the hand is in contact with the pushrim. The contact phase 

begins with when the hands contacting the top of the pushrim or at a point just behind the top and 

ends when the hands leave the pushrim.  

 

 

Figure 3. Propulsion cycle 
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2.1.2 Propulsion angle 

By using the kinematic data, the start angle and the total angle pushed during the propulsive stroke 

could be determined. The position of the second or third metatarsophalangeal (MP) marker when a 

force was first applied to the pushrim is the start angle. The end angle was the position of the MP 

marker when a force was no longer applied to the pushrim. The stroke angle (or propulsion angle) is 

the start angle subtracted from the end angle (Figure 4.) [3, 4].  

 

 

Figure 4. Propulsion angle 
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2.1.3 Stroke pattern 

Four distinct patterns have been identified: pumping or arcing (ARC), semi-circular (SC), single-

looping over propulsion (SLOP), and double-looping over propulsion (DLOP) (Figure 5.). An arcing 

propulsion is defined when the hand follows a path similar to that of the rim but in the opposite 

direction. A semi-circular is defined when subjects drop their hands below the propulsion path during 

the recovery phase. A single loop pattern is characterized by the subject not sharing the same common 

coordinate during one complete stroke, while a double-loop pattern had a crossover point 

characteristic [5-9]. Several studies have supported the semi-circular pattern, which has been 

associated with lower stroke frequency and less angular joint velocity and acceleration on release of 

the pushrim. These findings are part of a clinical guideline for the preservation of upper limb function 

after spinal cord injury. The guideline regards stroke pattern as one of several modifiable parameters 

that can impact upper-limb health. 

 

 

Figure 5. Stroke (propulsion) pattern classifications. 

(a) semi-circular (SC); (b) single-looping over propulsion (SLOP); (c) double-looping over propulsion (DLOP); 

(d) arcing (ARC) 
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2.1.4 Fraction of effective force (FEF) 

To quantify the force effectiveness during a push, previous studies have used the ratio of tangential 

to total pushrim force (i.e. fraction of effective force; FEF, Figure 6.). They found average FEF values 

between 0.26 and 0.81 (1.0 indicates an entirely tangential force) [10-12]. 

 

 

Figure 6. Definition of forces and the effective force applied on the pushrim 
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2.2 Upper Extremity Kinematics and Kinetics 

The quantification of mechanical loads has given us insight into the connection between wheelchair 

propulsion and the high incidence of upper-limb pathology in the manual wheelchair-user propulsion 

[13]. Manual wheelchair users who demonstrated larger shoulder-joint forces and moments were more 

likely to exhibit signs of shoulder pathology than those demonstrating smaller kinetics [14]. Many 

investigators have reported upper limb joint kinetics approximating the mechanical load experienced 

by the shoulder, elbow, and wrist during wheelchair activities. Boninger et al. express the necessity of 

reporting joint kinetics related to injury in a local segment coordinate system [15]. The International 

Society of Biomechanics (ISB) recommends using a non-orthogonal joint coordinate system for upper 

limb kinetics, but a similar recommendation for upper limb kinetics does not exist. Choosing the 

appropriate kinetic resolution and coordinate system has become a laboratory-specific process. The 

laboratory space is described by three mutually perpendicular axes forming a right-Cartesian 

coordinate system. The laboratory X and Y axes are horizontal. The X axis points the progressional 

direction (roll) and the Z axis points vertical (yaw). The Y axis points medially (pitch) for the right-

upper extremity and points laterally for the left-upper extremity. The upper arm, forearm, and hand 

were modeled as rigid bodies. Rotations are described using Euler angles. The coordinate systems of 

the proximal and distal body segments are initially aligned to each other by the introduction of 

anatomical orientations of these coordinate systems. The rotations of the distal coordinate system 

should then be described with respect to the proximal coordinate system. If both coordinate systems 

are aligned, the first rotation will be around one of the common axes, the second rotation around the 

(rotated) axis of the moving coordinate systems, and the third rotation again around one of the rotated 

axes of the moving coordinate system. The last axis is preferably aligned with the longitudinal axis of 

the moving segment (Figure 7.) [16, 17]. 
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Figure 7. The coordinate systems of the upper body 

 

Based on the basic kinematic model, various kinetic models for the wheelchair propulsion were 

proposed by investigators (Figure 8.). It is essential to develop a relevant model to observe how the 

body segments, which include shoulder, elbow, wrist and trunk, interact mechanically to rotate the 

rear wheels of the manual wheelchair. Not only three dimensional models but also two dimensional 

models have been being applied for today’s studies in accordance with the experiment environment. A 

typical four-link bar model used in biomechanical analyses of wheelchair racing (Figure 8. (a)) [18], 

and similar 2D planar model was applied to evaluate the effect of lesion level and propulsion 

technique during anaerobic wheelchair arm work (Figure 8. (b)) [19]. A 3D linked segment model was 

used an inverse dynamic approach, employed the Newton-Euler method. In order to use this model, 

linear and angular acceleration should be detected by optical sensors (i.e. video cameras), and 

essentially, the force applied by the hand to wheel should be measured (Figure 8. (c)) [20]. A simple 

planar four-link bar model was modified to apply to simulate and optimize the direction of force 

application to the pushrim (Figure 8. (d)~(g)) [21-24].  
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Figure 8. Analytic models for the wheelchair propulsion mechanics. (a) Cooper, 1990; (b) Dallmeijer et al., 

1994; (c) Rodgers et al., 2000; (d) Morrow et al., 2003; (e) Guo et al., 2003; (f) Lin et al., 2011; (g) Lombardi Jr. 

et al., 2009 
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2.3 Methods for Measuring Wheelchair Propulsion Kinetics 

2.3.1 Stationary wheelchair ergometer or dynamometer 

 The terms ergometer and dynamometer are often considered as interchangeable [25]. An ergometer 

can measure work and power only, and has no method of adding power to the system, though it may 

be able to apply a load. A dynamometer, on the other hand, only measures work and power but also 

measures torque and speed (or position) directly, and has the ability to apply a load or add power to 

the system [25]. These systems have been used in studies to measure the kinetics of wheelchair 

propulsion with varying degree of success [27-32]. These systems are limited to the stationary manual 

wheelchair propulsion within laboratory settings (Figure 9., 10.). Nevertheless, laboratory 

investigations may not accurately capture the wheeling demands manual wheelchair users encounter 

on a daily basis. 

 

 

Figure 9. Wheelchair ergometers [32, 30] 

 

 

Figure 10. Wheelchair dynamometers [20] 
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2.3.2 Wheelchair treadmill 

 A multi-grade treadmill has been used in researches to measure propulsion kinetics on various slopes 

and at different speeds (Figure 11.) [26, 33, 34]. From a mechanical perspective, treadmill propulsion 

has been found to be nearly identical to over-ground propulsion [35]. On the other hand, pushing on a 

treadmill within laboratory settings is considered different as the user must maintain a fixed 

propulsion speed and must maintain a straight heading in order to avoid hitting into the rails of the 

treadmill. These limitations of pushing on a treadmill may lead the subject to be more conservative 

than he would be if pushing over ground [33]. 

 

 

Figure 11. Wheelchair treadmill 
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2.3.3 Instrumented wheel 

 Some kinds of sensing wheels have been used in studies to obtain three dimensional biomechanical 

understanding of wheelchair propulsion (Figure 12.). Sabick et al [36] used a custom-developed 

wheelchair wheel with an instrumented push-rim, a load cell assembly, and a data logging device to 

collect kinetic data during wheelchair propulsion up a ramp at four different grades. Roders et al [37] 

described a 38cm instrumented pushrim which permitted continuous sampling of tangential force 

applied to the pushrim. Strauss et al [38] reported on the development of a dynamic force and torque 

sensing wheelchair wheel. Newsam et al [39] introduced the strain gauge force transducer for 

determining forces and torque applied to the push rim to identify the start and end of hand and 

pushrim contact. Another instrumented wheel known as Propulsiometer was developed by Beneficial 

Designs (Nashville, TN) [40]. The Propulsiometer is capable of measuring the dynamic 3-dimensional 

forces and moments applied to the pushrim during propulsion. Propulsiometer measures pushrim 

loads using a commercially available 6 degree-of-freedom load cell located at the center of the wheel. 

Cooper et al described the SMART
wheel

 [41-44], a commercial force and torque sensing pushrim 

wheel that has been used in several studies to examine three dimensional propulsion forces, moments, 

and temporal characteristics over different surfaces and inclines.  

Instrumented wheel can measure the push force directly, but its fatal weakness is too expensive and 

rebuilding the rear wheel to an awkward structure and heavy weight is inevitable. 

 

 

Figure 12. Instrumented wheels 
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2.3.4 Video cameras 

 Video cameras (or motion capture system) were employed for capturing the upper body motion 

during the test process (Figure 13.). For the dynamic analysis of the upper body, the devices 

introduced above (dynamometer, treadmill, instrumented wheel) were usually synchronized with the 

motion capture system. Procedure and principle were almost the same as the way of gait analysis 

using motion capture system. 

 

 

Figure 13. Video camera (motion capture) system 
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3. DEVELOPMENT OF A WHEELCHAIR DYNAMOMETER 

 

3.1 Introduction  

A dynamometer is a device for measuring force, moment of force (torque), or power. The power 

produced by an engine, motor or other rotating prime mover can be calculated by simultaneously 

measuring torque and rotational speed. This measurement can be taken the crank, the countershaft, or 

the wheels. There are many different kinds of dynamometers. A dynamometer that is designed to be 

driven is called a passive or absorption dynamometer. A dynamometer that can either drive or absorb 

is called a universal or active dynamometer. In addition to classification as Absorption, Motoring or 

Universal as described above, dynamometers can be classified in other ways. A dynamometer that is 

mounted directly to an engine which is separate from the vehicle is known as an engine dynamometer. 

A dynamometer that can measure torque and power delivered by the power train of a vehicle directly 

from the drive wheel or wheels (without removing the engine from the frame of the vehicle) is known 

as a chassis dynamometer. Absorbing dynamometers are classified into two types, an inertia type and 

a brake type dynamometer. The inertia dynamometer uses a drum with a known size and weight 

which is then accelerated through the acceleration range. The brake dynamometer applies a measured 

braking force to an engine or drum to maintain a specific rotational acceleration. The brake type 

dynamometers can also be classified by an absorption unit, for example, eddy current or 

electromagnetic brake, magnetic powder brake, hysteresis brake, fan brake, hydraulic brake etc. 

Wheelchair dynamometers are chassis type, and they are divided into two types of dynamometers – 

the brake (active) type dynamometer and the inertia (passive) dynamometer. The inertia dynamometer 

has ease of use and consistency, but it has so large flywheels that make hard to increase or decrease 

the load. In this study, we designed and developed a torque transducer mounted inertia type 

wheelchair dynamometer and then we calibrated it according to the theory of previous studies.  
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3.2 Design and Installation of the Dynamometer  

A simple inertia dynamometer was designed for this study. It consisted of two pairs of roller and two 

torque transducers (Figure 14, 15.). The advantages of the developed wheelchair dynamometer are the 

adjustability and the low-cost production.  

Not only the distance between two rollers, which support one rear wheel, could be adjustable, but the 

distance between the left and right rollers could also be adjustable according to the rear wheel size and 

the camber angle. As the frame of this dynamometer is made of the aluminum profile, it has light 

weight. And we can use only one roller to support one rear wheel by assemble the front wheel anchor 

in a way of difference. (We can use two rollers for exercise and one roller for torque measurement.) 

 

 

Figure 14. Design of wheelchair dynamometer for this study 
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The diameter of the rollers was 10 centimeters and 30 centimeters long. The ‘motor side’ of the 

torque meter (YDRM-50k, SETech, Korea) was connected to the roller and the ‘test side’ was 

connected to the flywheels. Torque sensors can measure the torque up to 430.3Nm with 10VDC 

excitation recommendation, and its rated output is 1.5mV/V 1%. The output signals from torque 

transducers were collected by using the VICON analog patch panel synchronized with the EMG and 

the motion capture camera’s data. 

 

 

Figure 15. Pictures of a wheelchair on the assembled dynamometer  
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3.3 Static and Dynamic Calibration of the Dynamometer 

3.3.1 Theory 

The inertia and resistance of the inertial dynamometer should be determined in order to compare the 

results of one study to another [1]. Calibration of dynamometers is required whether they are custom-

made or commercial ones. There are four different methods to calibrate a dynamometer - a dynamic 

motor-driven test, a deceleration or “coast-down” test, an acceleration test, and a drag test. The 

dynamic motor-driven test consists of using a motor to drive the flywheel or roller at a constant speed 

while recording speed and torque [2-4]. This procedure can be repeated at numerous resistance 

settings, thus providing a table or equation describing the power versus speed and resistance setting. 

This procedure does not provide direct information on the inertia or friction inherent in the system. 

The deceleration or “coast-down” test consists of accelerating the dynamometer to a steady state 

speed, typically by individual, and then removing the input and recording speed as a function of time 

as the device decelerates to zero. Given the inertia of the roller, flywheel, wheelchair wheel, and the 

equation that describes the speed as a function of time, the friction can be determined. This protocol 

can be applied to calculate friction while using a dynamometer [5-7]. The drag test consists of 

attaching a load cell between the front of the wheelchair and the frame of the treadmill, running the 

motor-driven treadmill at different speeds and recording the force, which is the system friction [8]. 

The acceleration test consists of placing the dynamometer on a platform wrapping a rope or cable 

around the roller or drive shaft, hanging a weight at the end of the rope, and releasing the weight 

while the angular acceleration of the roller is recorded. This is repeated with different-sized weights 

and at different resistance settings. Based on the linear regression of the weight, as a function of the 

acceleration, the friction and inertia can be determined [9, 10]. The acceleration test allows for 

calculation of the inertia of the roller or flywheel used in the device. These methods must separate the 

friction into kinetic friction and viscous friction. Furthermore, only the acceleration test provides a 

method for directly determining the inertia of the system. Otherwise, inertia is calculated based on the 

known material properties and geometries of the dynamometer. 
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3.3.2 Static calibration 

The string was wrapped around the outer rim of the roller and connected to a weight of mass 

suspended over the edge of the surface with a pulley (Figure 16.). The lever arm mounted at the end 

of the axis, and an anvil supported the lever arm not to rotate. The output signals from the sensor were 

recorded with increased weights. The weights were measured by a force gauge (FGN-50B, SHIMPO, 

Kyoto, Japan) as close to the roller as possible, ranging with 34, 57, 77, 90, 100, 113, 136 N. The 

same experiments were repeated with the opposite direction of the roller rotation. 

 

 

Figure 16. Concept and real picture of the static calibration of the torque transducer 

 

3.3.3 Dynamic calibration  

The total rotational inertia of the roller system should be determined, and additional disks (flywheels) 

must be added to make a driving simulation on the roller meet the real situation. The moment of 

inertia of the roller (𝐼𝑟) is composed of the moment of inertia of the fixed parts (𝐼𝑓𝑖𝑥, cylinder, axis, 

etc.) of the roller and that of the mobile parts (𝐼𝑚𝑜𝑏𝑖𝑙𝑒, flywheels or inertia disks) [5]. These disks 

were prepared in various masses and sizes. Their moments of inertia were easily calculated by the 

known mass and radius (1/2mr
2
).  
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In order to determine the 𝐼𝑓𝑖𝑥, the acceleration test must be carried out [1, 9]. 

 

𝐼𝑟 = 𝐼𝑓𝑖𝑥 + 𝐼𝑚𝑜𝑏𝑖𝑙𝑒            (1) 

 

In the same condition of the static calibration experiment, the lever arms were removed then the 

weight fell freely by the gravitation. Based on the linear regression of the weight, as a function of the 

acceleration, the inertia can be determined [1, 9, 10] (eq. 2). 

 

𝜏𝑟 = 𝐹𝑊𝑟 + 𝐼𝑟𝛼𝑟 

𝐹𝑊 = −𝐼𝑟
𝛼𝑟

𝑟
+

𝜏𝑟

𝑟
             (2) 

𝐼𝑓𝑖𝑥 = 𝐼𝑟 − 𝐼𝑚𝑜𝑏𝑖𝑙𝑒 

 

𝜏𝑟 : the measured torque from the torque transducer 

𝐹𝑊  : the force applied on the roller during acceleration test 

𝐼𝑟  : the total moment of inertia of the roller 

𝑟 : the radius of the roller 

𝐼𝑓𝑖𝑥   : the moment of inertia of the fixed part of the roller system 

𝐼𝑚𝑜𝑏𝑖𝑙𝑒  : the moment of inertia of the flywheel (1/2mr2) 

 

The rotational inertia of the two rollers (2𝐼𝑟) has to be such that the rotational kinetic energy equals 

the translational kinetic energy: 

 

2
1

2
𝐼𝑟𝜔𝑟

2 =
1

2
𝑚𝑣2             (3) 
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Where 𝑣 and 𝜔𝑟 are the linear and the angular velocity of the roller, respectively (𝜔𝑟 = 𝑣/𝑟). 

Therefore, the inertia of the roller is determined by: 

 

𝐼𝑚𝑜𝑏𝑖𝑙𝑒 =
1

2
𝑚𝑟2 − 𝐼𝑓𝑖𝑥              (4) 

 

To determine the torque applied to the wheels by the user’s hand, it is necessary to consider the 

torques and forces acting on both the rear wheels of the wheelchair and the roller of the dynamometer.  

Various models describing manual wheelchair propulsion on a dynamometer have been developed 

by several researchers. We defined a two dimensional model for calculation of the wheel torque and 

the resistive torque and force of our system (Figure 17.). The models proposed by Theisen [5] and 

Cooper [11] were selected and modified in accordance with our system. The following development 

considers the mechanics of one wheel and one roller.  

 𝜏𝑤 is the torque applied by the user’s hand to the pushrim, as this torque increases the velocity, it 

will be considered positive. 𝐹ℎ is tangential component of the applied force by the hand. 𝑅𝑝 and 𝑅 

are the radius of the pushrim and the rear wheel, respectively. 𝐼𝑤 and 𝐼𝑟 are the moment of inertia of 

the rear wheel and the roller, respectively. 𝛼𝑤 and 𝛼𝑟 are the angular acceleration of the rear wheel 

and the roller, respectively. 𝜏𝑟𝑤, 𝜏𝑓𝑤, 𝜏𝑤𝑎, are the resistive torques on the rear wheel, 𝜏𝑤𝑟 is caused 

by interaction between the wheel and the roller, 𝜏𝑓𝑤 is caused by the friction force, 𝜏𝑤𝑎 and 𝜏𝑟𝑎  

are due to the aerodynamic resistance. The resistance torque of 𝑇(𝜔, 𝑧, 𝑡) is due to the external force 

varied with the breaking torque or inclination.  

The sum of the external torques acting on a solid equals its rotational moment of inertia multiplied 

by its angular acceleration, which yields the following equations: 

For the wheel: 

 

𝜏𝑤 − 𝐹𝑟𝑤𝑅 − 𝜏𝑟𝑤 − 𝜏𝑓𝑤 − 𝜏𝑤𝑎 − 𝑇(𝜔, 𝑧, 𝑡) = 𝐼𝑤𝛼𝑤             (5) 
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Where 𝐹𝑟𝑤𝑅 and 𝜏𝑟𝑤 are torques resulting from the action of the roller on the wheel. 

 

For the roller: 

 

𝐹𝑤𝑟𝑟 − 𝜏𝑤𝑟 − 𝜏𝑓𝑟 − 𝜏𝑟𝑎 = 𝐼𝑟𝛼𝑟             (6) 

 

 𝐹𝑤𝑟𝑟 is the torque exerted by the wheel on the roller. 

 

𝜏𝑤 is the propulsion torque and 𝜏𝑤𝑟, 𝜏𝑓𝑟, 𝜏𝑟𝑎, are the resistive torques acting on the rear wheel. All 

the resistive torque can be summed to 𝜏𝑡𝑜𝑡 and as 𝐹𝑟𝑤 = 𝐹𝑤𝑟, 𝜏𝑟𝑤 = 𝜏𝑤𝑟, 𝛼𝑤 = 𝛼𝑟 𝑟/𝑅, equations 

(5) and (6) can be combined and rearranged as follows: 

 

       𝜏𝑤 = (
𝑟

𝑅
𝐼𝑤 +

𝑅

𝑟
𝐼𝑟) 𝛼𝑟 + 𝜏𝑡𝑜𝑡              (7) 

 

Finally, the tangential component of hand force applied on the pushrim becomes: 

 

𝐹ℎ =
1

𝑅𝑝
{(

𝑟

𝑅
𝐼𝑤 +

𝑅

𝑟
𝐼𝑟)𝛼𝑟 + 𝜏𝑡𝑜𝑡}             (8) 

 

The total resistive torque is dependent on the total mass of the user-wheelchair system, the speed of 

the propulsion, and the types of tyre. Therefore, the resistances are should be tested respectively for 

the high accuracy in every weight of wheelchair-user system, and in every speed [12, 13]. The total 

resistive torque was estimated within a specific range of weight and speed through the coast-down test 

[1, 5, 14]. The resistive torque of the developed system for this study was defined through the same 

method coast-down test for comparison with other studies. Theoretically, resistive torque should be 
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defined and suggested in each subject at every speed. However, the torque transducers mounted on the 

developed dynamometer would have given the measured (resultant) wheel torques. 

 

 

Figure 17. Two-dimensional model for calculation of the wheel torque and the resistive torque and force 
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3.4 Results 

3.4.1 Static calibration 

The linear equations for the right and left transducers to convert the outputs from the sensors into the 

torque (Nm) were determined as follows respectively: 

Right : T(Nm) = 50.98 v – 2.44 (R
2
=0.99) 

Left : T(Nm) = 50.16 v – 3.25 (R
2
=0.99) 

 

    

Figure 18. Correlation between the output voltages from the transducer and the torque exerted by the weight 

force 

 

3.4.2 Dynamic calibration 

The moment of inertia of the fixed part of the roller system was estimated at 0.0344 kg∙m
2
 by using 

the mobile disk with 0.028 kg∙m
2
. When the weight of the wheelchair is 12kg, the moment of inertia 

of the flywheel at one side with respect to the body weight of a user could be defined as the Table 1. 

 

Table 1. Calculated 𝑰𝒎𝒐𝒃𝒊𝒍𝒆 with respect to the body weight 

Body weight(kg) 60 70 80 90 

𝐼𝑚𝑜𝑏𝑖𝑙𝑒 0.041 0.053 0.059 0.066 

 

Within the range of 77.5kg of the user-wheelchair system, the total resistive torque estimated at -2.487 

(±0.161)Nm. 
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3.4.3 Rear wheel torque of the wheelchair during propulsion 

 The torques measured by the dynamometer during propulsion are described in Figure 19. The 

propulsion torque was measured under the four different conditions; convenient speed - no load, 

convenient speed – loaded, high speed – no load, and high speed – loaded. 

 

 

Figure 19. The wheel torque during propulsion under the four different conditions 
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3.5 Discussion and Conclusion 

 The strengths of the developed inertial type wheelchair dynamometer are the simple or convenient 

method to calculate the rear wheel torque as well as inexpensiveness compare with the other 

ergometers and dynamometers. The sensor gives the torque values directly only after the voltage 

calibration. Only after the multiplying the ratio of radius between wheel and roller, we can acquire the 

wheel torque directly. It is torque values that the aerodynamic resistance and frictional resistance have 

already been subtracted. In other words, it makes minimize the errors from calculation method 

because the sensor output is the resultant torque. However, all kinds of dynamometer should be 

determined the inertia and resistance components to compare the study to another [1].  

 The rotation speed can affect the zero signal of the transducer. Therefore, the use of rotating torque 

transducers in what extent static calibration is valid for dynamic torque is currently being examined 

by authors in automotive test [15]. Fortunately, the speed of wheelchair propulsion is quite small 

compare to that of automotive test. 

 For convenience of torque calculation, just one roller on each wheel was used in this study. However, 

this dynamometer can also be used as a wheelchair roller for propulsion training. In this case, we can 

use one pair of rollers on each wheel in order to give more stability. Moreover, the distances between 

the rollers are adjustable. If the radius of the wheelchair’s rear wheel is larger, we can increase the 

distance between two rollers supporting one side of rear wheel. Most sports wheelchairs have larger 

base than that of standard wheelchairs because of the camber angle. Therefore, the distance between 

left and right side rollers should be large. Developed dynamometer’s roller position could be modified 

in medial-lateral direction as well as forward-backward direction. 

For the accurate results, the moment of inertia of the flywheels should be matched with the inertia of 

the user-wheelchair system (eq. 3). However, we prepared only four different flywheels, and their 

moments of inertia were 0.027, 0.053, 0.11, and 0.16 respectively. The radii of the rear wheels of most 

manual wheelchairs are estimated at 0.5m (50cm) and if the radius of the roller is 0.05m (5cm), the 
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maximum range of the torque transducer is sufficient for below 50Nm. Maximum wheel torque could 

be acquired by multiplying the ratio of radius to the roller torque (R/r) 𝜏𝑟. 

Although the developed system has some limitations, it is expected that the data from the 

dynamometer would be useful to investigate the kinetics of the wheelchair propulsion. Instrumented 

wheels give the resultant propulsion force values directly, but the dynamometer gives the only 

tangential force. However, the instrumented wheel costs over five times larger than the developed 

dynamometer. Without the torque sensors we can make the cheapest inertial type dynamometer or 

ergometer for wheelchair kinetics. However, the developed dynamometer has strength to give a 

measured torque. It is more accurate and actual value compared with the pure inertial type 

dynamometer (without sensors). We believe this sensor mounted wheelchair dynamometer is the most 

reasonable choice for the study. In addition, we can estimate the unknown radial force of propulsion 

through the application of the mathematical models for optimization. 
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4. UPPER LIMB JOINT KINETICS DURING MANUAL 

WHEELCHAIR PROPULSION 

 

4.1 Introduction 

Interest in the biomechanical analysis of manual wheelchair propulsion has increased [1-6], along 

with improvements to wheelchair design and the user interface [7-8]. Recent studies reported in the 

literatures are mainly focused on the three dimensional joint kinetics of upper extremities to 

understand the physical demands on the wheelchair user during propulsion and to find methods to 

optimize wheelchair propulsion [9-10]. To evaluate the wheelchair propulsion ability, the stationary 

wheelchair ergometer [6, 9, 12-16, 19] and dynamometer[17-18] systems have become the 

standardized methods, which can better control and more accurately assess body movements. 

Including these specialized systems, the kinematics and kinetics of propulsion are highly influenced 

by the user-wheelchair interface. Therefore, an analytical model is also essential to allow subtle 

alterations of propulsion technique to be distinguished from changes of physiological and 

environmental factors [20]. Analytical models have been widely utilized in the analyses of human 

movements such as walking, jumping, and even wheelchair propulsion to improve the understanding 

of how the movements are produced. The models for wheelchair propulsion typically has been 

determined from video recordings using two [9, 21] or three-dimensional analysis to clarify how the 

body segments, which includes shoulder, elbow, wrist and trunk, interact mechanically to execute the 

tasks.  

Theisen et al developed a mathematical model to determine the power output delivered to the rear 

wheel during wheelchair propulsion on a roller ergometer [14] and DiGiovine et al mathematically 

modeled a dynamometer system and a floor surface, then they found the necessity of the breaking 

system to increase dynamometer friction to match that of the floor [22]. Cooper et al. described the 

SMARTWheel [23], a commercial force- and torque- sensing push-rim that has been used in several 
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studies [7, 10, 18] to examine 3D propulsion forces, moments, and temporal characteristics over 

different surfaces and inclines. Van der Helm and Veeger [6] first adopted quasi-static analysis for 

predicting muscle forces during wheelchair propulsion. They found that, whereas, the stabilization of 

the shoulder joint during wheelchair propulsion required large muscle contributions, the input force of 

the model deviated from actual forces measured during dynamic propulsion. Moreover, they pointed 

out that the impact of the angular velocity of a joint should be considered in predicting muscle forces. 

Rozendaal et al [24] proposed a criterion to quantify the balance of propulsion forces between the 

mechanical effect and the biomechanical effort. Their findings suggested that a deviation of the 

propulsion force direction from the tangential direction might be the best solution that the 

musculoskeletal system can achieve during the guided movement. A planar four-bar linkage model for 

quasi-static analysis of wheelchair propulsion was developed by Guo and Morrow [25-28]. Guo et al. 

examined the potential propulsion moments and predicted propulsion forces at five hand positions 

with simplified static conditions. Propulsion moments were reported to be greater at the initial and 

end of the push phase, which differed from actual moment measured during dynamic propulsion. 

Morrow et al [28] selected the criterion of maximizing the moment at the shoulder joint to assess 

propulsion forces and joint kinematics under various axle positions and hand-rim sizes. Although 

shoulder and elbow joint angles and the fraction of effective forces (FEF) were determined, the 

assumption of a fixed shoulder position in the model is inconsistent with dynamic propulsion.  

Lin et al., verified applied hand-rim force patterns during dynamic wheelchair propulsion for novice 

and experienced wheelchair users using a developed and validated two-dimensional energy model 

[29]. 

Bednarczyk and Sanderson [30] showed that adding 5 to 10kg of mass to low-mass manual 

wheelchair systems did not change wheeling kinematics, at least when wheeling on level ground, for 

the low speed and short distances used in their study. A recent study by Cowan et al [31] designed to 

determine the effect of surface type, manual wheelchair weight, and axle position on manual 

wheelchair propulsion, showed that for novice older adults, manual wheelchair weight negatively 
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affects kinetic data and self-selected speeds. de Saint Rémy et al [32] found that the manual 

wheelchair deceleration was explained more by the mass distribution on the front casters (92%) than 

by the system’s total mass (8%). Raina et al quantified the scapular kinematics during dynamic 

wheelchair propulsion by users with paraplegia and tetraplegia in response to increases in load [33]. 

Mercer et al., recorded kinetic and kinematic data from subjects with paraplegia as they propelled 

their wheelchairs at two speeds (0.9 and 1.8 m/s). And then, they calculated shoulder joint forces and 

moments using inverse dynamic methods [34]. Goosey-Tolfrey et al measured the propulsive forces 

with the increase in speed using the strain gauges mounted on four bars attached to the handrim of a 

racing wheelchair wheel. As the wheelchair speed increased from 4.70m/s to 5.64m/s, the tangential 

force applied on the hand-rim increased from 132 to 158 N, and the ratio of tangential to total 

measured force was similar at both speeds (80 and 82%, respectively) [35]. 

Based on the reviewed studies, the effect of user-wheelchair mass alone on the propulsion forces and 

joint moments is still unclear. A majority of previous studies have taken at comfortable (self-selected) 

speed. In these kinds of studies, we will acquire more useful information to quantify and evaluate the 

wheelchair propulsion ability when we compare the ability at a moderate intensity to that of a 

maximum effort. 

Therefore, the objectives of this chapter were, 

1) To build a mathematical 2D planar four-bar link model for a wheelchair on the developed 

dynamometer 

2) To measure the wheelchair propulsion motions of the experienced and inexperienced users at 

four different conditions by two factors (with and without additional load, at comfortable and 

maximum speed), using the motion analysis system which was synchronized with the wheelchair 

dynamometer  

3) And to find the radial component of the propulsion force through the mathematical optimization 

method, then to verify the findings by comparison with the results from the experiments using an 

instrumented wheel. 
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4.2 Methods 

4.2.1 Participants 

Seven healthy volunteers were selected as inexperienced wheelchair users with a mean height of 

175.8 cm (±4.11), mean mass of 72.62 kg (±5.88), and mean age of 26.0 years (±3.46). Four disabled 

volunteers were selected as experienced wheelchair users and had a mean height of 173.75 cm (±7.68), 

mean mass of 67.75 kg (±11.76), and mean age of 42.5 years (±8.58). No participants complained of 

injury or pain in their upper limbs. They were fully informed about the protocol and gave their 

informed written consent to participate in the experiment. 

 

Table 2. Personal data of the subjects 

 Age (year) Height (cm) Weight (kg) 

Novice 20.0 (3.46) 175.80 (4.11) 72.62 (5.68) 

Experienced 42.5 (8.58) 173.75 (7.68) 60.50 (2.12) 

 

 

4.2.2 Experimental protocol  

 Each subject was asked to propel the wheelchair at a comfortable speed (Slow) and maximum speed 

(Fast) at each of two resistance loads. The load matching with the original user-wheelchair system 

mass was the light load and that matching with the 5 kg added user-wheelchair mass was the heavy 

load. In each trial, the subject propelled the wheelchair for 30 seconds (over 20 propulsion cycles). 

The data for ten propulsion cycles from the middle of each trial were collected for investigation. 

Subject motion and rear wheel kinematics were acquired at 250 Hz by the VICON 612 system (Vicon 

system, Oxford Metrics Inc.). Analog outputs from torque transducers on a dynamometer were 

synchronously collected at 1000 Hz with the motion data. Twenty-two retro-reflective markers were 

placed on the upper limb, trunk, and head of each subject according to the Plug-In-Gait (PIG) model 

(Oxford Metrics) to determine the upper limb joint kinematics. Four additional markers were placed 
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on the axle and the radial frame of the rear wheel of the wheelchair to determine the angular 

kinematics of the wheelchair. 

 

4.2.3 Analytical planar model for calculation of propulsion force and joint moment 

 In this study, a planar four-bar linkage model first proposed by Morrow et al [28] (Figure 20.) was 

used and the optimization technique for minimizing total work [29] was applied to the model. 

 In order to simulate the movements of the upper limb and the hand-rim in the sagittal plane during 

wheelchair propulsion, the model consists of the position vectors of each upper limb joint – shoulder, 

elbow, and wrist and the propulsion force vector. The global coordinates of the tangential and radial 

propulsion force vectors could be obtained by the rotational transformation equation.  

 

 

Figure 20. A planar four-bar linkage model 
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𝑆𝐻𝑂 : the shoulder joint center 

𝐸𝐿𝐵 : the elbow joint center 

𝑊𝑅𝐼 : the wrist joint center 

𝑃𝐹𝐴 : the point of force application (FIN) 

𝐹 : the force vector applied by the hand on the handrim(N) 

𝐹𝑡 , 𝐹𝑟 : the tangential and radial force component of the F 

𝐹𝑥 , 𝐹𝑦 : the horizontal and vertical force component of the F 

𝜃𝑝 : the propulsion angle 

𝜃𝑠 : the shoulder joint angle 

𝜃𝑒 : the elbow joint angle 

𝜃𝑤 : the wrist joint angle 

𝑃𝑠⃑⃑  ⃑ = 𝑃𝐹𝐴 − 𝑆𝐻𝑂 

𝑃𝑒⃑⃑  ⃑ = 𝑃𝐹𝐴 − 𝐸𝐿𝐵 

𝑃𝑤⃑⃑ ⃑⃑ = 𝑃𝐹𝐴 − 𝑊𝑅𝐼 

𝑃ℎ
⃑⃑⃑⃑ = 𝑃𝐹𝐴 − 𝑂 

 

F(x, y) =  [
cos (𝜃𝑝 −

𝜋

2
) −sin (𝜃𝑝 −

𝜋

2
)

sin (𝜃𝑝 −
𝜋

2
) cos (𝜃𝑝 −

𝜋

2
)
] [

𝐹𝑡

𝐹𝑡

] 

 

4.2.4 Optimization technique 

 The concepts of the model is that users are expected to apply propulsion forces that maximize 

efficiency that means the minimizing the discrepancy of the total work done by the force and the 

energy change of the whole system. Work done W is defined as the work done on the user-wheelchair 

system during a time interval: 𝜏𝑤∆𝜃𝑝. 𝜏𝑤 is the propulsion torque and ∆𝜃𝑝 is the change of the 

propulsion angle (rotation angle change of the hand-rim). The energy change includes the kinetic 

energy of the user-wheelchair system, the rotational kinetic energy of the rear wheel. The work done 

by each joint is also consumed minimized respectively. Thus, the formulation of the optimization 

problem is as follows 
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Minimize 

𝑊 = [∆𝜏𝑤𝜃𝑝 − {∆
1

2
𝑚𝑣2 + ∆

1

2
𝐼𝑤𝜔2}] + [𝑀𝑠

⃑⃑⃑⃑  ⃑𝜃𝑠 + 𝑀𝑒
⃑⃑ ⃑⃑  ⃑𝜃𝑒 + 𝑀𝑤

⃑⃑ ⃑⃑ ⃑⃑ 𝜃𝑤 ] 

 

𝑀𝑠
⃑⃑⃑⃑  ⃑ = 𝑃𝑠⃑⃑  ⃑ × 𝐹  

𝑀𝑒
⃑⃑ ⃑⃑  ⃑ = 𝑃𝑒⃑⃑  ⃑ × 𝐹  

𝑀𝑤
⃑⃑ ⃑⃑ ⃑⃑ = 𝑃𝑤⃑⃑ ⃑⃑ × 𝐹  

𝜏𝑤 = 𝑃ℎ
⃑⃑⃑⃑ × 𝐹  

 

𝑀𝑠𝑒𝑥𝑡
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ ≤ 𝑀𝑠

⃑⃑⃑⃑  ⃑ ≤ 𝑀𝑠𝑓𝑙𝑒𝑥
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ 

𝑀𝑒𝑒𝑥𝑡
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ ≤ 𝑀𝑒

⃑⃑ ⃑⃑  ⃑ ≤ 𝑀𝑒𝑓𝑙𝑒𝑥
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ 

𝑀𝑤𝑢𝑙𝑛𝑎
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ≤ 𝑀𝑤

⃑⃑ ⃑⃑ ⃑⃑ ≤ 𝑀𝑤𝑟𝑎𝑑𝑖𝑎𝑙
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   

 

The unknown radial component of the propulsion force (𝐹𝑟) at each instant (t) is determined with the 

objective function subject to the physiological constraints of the shoulder, elbow, and wrist joint 

moments. 𝑀𝑠
⃑⃑⃑⃑  ⃑ , 𝑀𝑒

⃑⃑ ⃑⃑  ⃑  and 𝑀𝑤
⃑⃑ ⃑⃑ ⃑⃑  represent the required shoulder, elbow, and wrist joint moments, 

respectively. 𝑀𝑠𝑓𝑙𝑒𝑥
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ and 𝑀𝑠𝑒𝑥𝑡

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ are the maximum shoulder strengths in flexion and extension, 

respectively, and 𝑀𝑒𝑓𝑙𝑒𝑥
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑  and 𝑀𝑒𝑒𝑥𝑡

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ are the maximum elbow strengths in flexion and extension, 

respectively. Values of the maximum joint strengths were obtained from previous studies [26, 27]. 

 𝑃𝑠, 𝑃𝑒, and 𝑃𝑤 represent the vectors from the each joint center to the wheel axle respectively. The 

parameters for optimization were obtained from experimental data except the 𝐹𝑟 only. 𝐼𝑤 is the 

moment of inertia of the rear wheel, m is the mass of the user-wheelchair system, and 𝑣 is the linear 

velocity of the system. 𝐹𝑡 is the tangential component of the propulsion force it was calculated from 

the measured wheel torque divided by the radius of the wheel (𝜏𝑤/𝑅).  
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4.2.5 Instrumented wheel system 

 The instrumented wheel system (IWS) used in this study was composed a 3-D JR3 force transducer 

(model IFS-67M25A25-I40 ANA, JR-3, Inc., Woodland, CA), the interface plate, the rear wheel and 

the pushrim. The design and assembled IWS is presented in Figure 21. This transducer had a full 

mechanical loading rate of 111.2 N for in-plane axes (x and y axis), 222.4 N for the outer plane (z axis 

perpendicular to xy plane), and 6.8 Nm of moments for all directions. The interface hub, made of 

aluminum, was120mm in diameter and 5mm in thickness. The interface hub was connected to the 

plastic plate 15mm thick which was linked to the hand-rim. The sensor’s output was connected to the 

A/D interface unit of the VICON motion system, and thereby the motion capture cameras, a 

dynamometer, and the IWS were all synchronized. 

 

 

 

Figure 21. The force sensor and the instrumented wheel system 
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4.2.6 Data processing and Statistical analysis 

 Three upper limb joints angles calculated by the VICON Clinical Manager Software (VCM) were 

used for calculation of the joint moments. The calculation of the angular velocity and acceleration of 

the rear wheel, the signal processing of the torque output, and the non-linear optimization routines 

were performed and developed in Matlab (The MathWorks, Inc. Natick, MA, USA).  

A general linear model for repeated measures (RMANOVA) in SPSS (SPSS Inc., IBM Company) 

was used to evaluate the main effect and interaction of the factors in complex mixed design, which 

has one between-subjects factor and two within-subject factors at a significant level of 0.05. 

Bonferroni corrected t-test were used to evaluate the differences between mean values (p≤0.05/n, 

n=number of tests). 
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4.3 Results 

4.3.1 Kinematics and kinetics from the dynamo-motion capture system 

 

Propulsion cycle (contact and release phases) 

Contact times, release times and linear velocities, averaged for each group and condition, are shown 

in Table 3. They were significantly different from each other (p<0.05). The largest contact time was 

observed at the light-slow condition in both groups (novice: 0.35 s, experienced: 0.49 s). The largest 

linear velocity of the experienced group was observed at the heavy-fast condition (2.52 m/s), while 

that of the novice group was observed at the light-fast condition (1.87 m/s). The contact time of the 

experienced group was shortest at the heavy-fast condition, but that of the novice group was shortest 

at light-fast condition.  

 

Table 3. Mean values for the basic kinematic parameters during propulsion cycles 

Load condition Light (no additional load) Heavy 

Speed condition Slow (self-selected) Fast (maximum) Slow Fast 

Subject group novice experienced novice experienced novice experienced novice experienced 

Contact time (s) 
0.35 

(0.07) 

0.49 

(0.04) 

0.24 

(0.04) 

0.24 

(0.01) 

0.32 

(0.03) 

0.37 

(0.02) 

0.26 

(0.04) 

0.24 

(0.04) 

Release time (s) 
0.48 

(0.14) 

0.74 

(0.06) 

0.25 

(0.08) 

0.32 

(0.04) 

0.53 

(0.11) 

0.62 

(0.04) 

0.28 

(0.08) 

0.23 

(0.02) 

Phase ratio (%) 
42.17 

57.83 

39.84 

60.16 

48.98 

51.02 

42.86 

57.14 

37.65 

62.35 

37.37 

62.63 

48.15 

51.85 

51.06 

48.94 

Mean linear 

velocity (m/s) 

0.99 

(0.11) 

0.89 

(0.01) 

1.87 

(0.14) 

2.35 

(0.04) 

1.05 

(0.01) 

1.33 

(0.01) 

1.81 

(0.12) 

2.52 

(0.04) 

Mean angular 

velocity (deg/s) 

201.62 

(22.04) 

182.17 

(30.70) 

380.87 

(27.33) 

480.09 

(10.78) 

213.58 

(0.27) 

271.24 

(10.27) 

368.46 

(24.01) 

513.55 

(20.48) 

Mean (sd) 

* : Significantly different between groups (p<0.05) 
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Propulsion angle 

 The propulsion angles of novices were about 88 degrees at the all three different conditions with 

insignificant difference (Table 4.). However, that of experienced subjects increased from the 88 

degrees at the condition of light-slow to 93 degrees when the speed or load increased. In the condition 

of heavy-fast, the angle decreased than the others. 

Except the propulsion angle at the light-slow condition, other three propulsion angles had a 

significant difference. Initial contact positions were different between the novices and experienced. 

Most novices have contacted around the top dead point, but the experienced have contacted over the 

top dead point (Figure 22.).  

 

Table 4. Mean values for the propulsion angles at each condition 

 Novice Experienced 

 Slow Fast  Slow Fast 

Light 71.82 (11.63) 72.68 
a 
(11.93) 93.22 (2.04) 93.30

 a 
(3.37) 

Heavy 65.57
 a
 (5.43) 69.37 

a 
(4.37) 91.12

 a 
(2.48) 83.80

 a 
(3.02) 

Mean (sd) 

Unit : degree  
a : Significantly different between groups (p<0.05) 
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Figure 22. Mean propulsion angle of the novice and experienced  
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Propulsion pattern 

 Most novices’ propulsion patterns were single loop pattern (SLOP) except some cases at the 

condition of fast propulsion. The experienced showed the double-loop pattern (DLOP) frequently. The 

area of propulsion loop of the experienced became small when the speed or the load increased. 

Moreover, their propulsion patterns changed arcing pattern at the condition of maximum load and 

speed (Figure 23, 24.). 

 

 

(a)                                  (b) 

 

(c)                                 (d) 

Figure 23. Typical propulsion pattern of the novice; (a) light-slow, (b) light-fast, (c) heavy-slow, (d) heavy-fast  
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(a)                               (b) 

 

(c)                                (d) 

Figure 24. Typical propulsion patterns of the experienced; (a) light-slow, (b) light-fast, (c) heavy-slow, (d) 

heavy-fast 
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Joint angles 

Upper limb joint angles in the sagittal plane during a cycle of propulsion are described in Figure 25. 

When the peak joint angles and ranges of motion (ROMs) were compared within the group, the 

novices had a significant difference in the ROM of the wrist joint; however, the experienced users 

showed a significant difference in the peak angle and ROM of the elbow joint. 

 

 

(a)                                      (b) 

Figure 25. Upper limb joint angles in sagittal plane; (a) novice, (b) experienced 
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Propulsion torque and power (wheel torque and power) 

The magnitude of the maximum propulsion torque was the highest for the heavy-fast condition in 

both groups (novice: 19.22±1.99 Nm, experienced: 15.98±2.25 Nm) and was the smallest at the light-

slow condition (novice: 12.47±1.08 Nm, experienced: 9.23±1.13 Nm) (Table 5., Figure 26.). The 

maximum torque of the heavy-slow condition was larger than that of the light-fast condition (Table. 

5.). All the maximum torques of the novice group at each condition were larger than those of the 

experienced group (Figure 27. (a)). The difference between the largest torque and the smallest torque 

of the novice group was similar to that of the experienced group. They had significant differences 

within and between groups (p<0.05).  

The magnitude of maximum propulsion power showed a similar pattern to that of the propulsion 

torque, but the novice value of propulsion power under the light-slow condition was larger than that of 

experienced users (Figure 26.). Their magnitude order was light-slow (novice : 0.28±0.06 J/s, 

experienced : 0.18±0.04 J/s), light-fast (0.34±0.05 J/s, 0.39±0.05 J/s), heavy-slow (0.55±0.05 J/s, 

0.57±0.05 J/s), and heavy-fast (0.64±0.06 J/s, 0.80±0.07 J/s). There were also significant differences 

between groups and within the groups (p<0.05). The difference between the largest torque and the 

smallest torque of the novice group was similar to that of the experienced group, while the difference 

between largest power and the smallest power of the experienced users was larger than that of the 

novice group (Figure 27. (b)). 

 

Table 5. Maximum torque and power 

 
Maximum torque (Nm) Maximum power (Watt) 

 
Novice Experienced Novice Experienced 

Light-Slow 12.47 (1.08) 9.23 (1.13) 0.28 (0.06) 0.18 (0.04) 

Light-Fast 15.41 (1.48) 12.52 (1.25) 0.34 (0.05) 0.39 (0.05) 

Heavy-Slow 16.47 (1.38) 15.13 (1.73) 0.55 (0.05) 0.57 (0.05) 

Heavy-Fast 19.22 (1.99) 15.98 (2.25) 0.64 (0.06) 0.80 (0.07) 

Mean (sd) 
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(a)                                        (b) 

Figure 26. Mean propulsion torque and power; (a) novice, (b) experienced 

 

 

 

(a)                                        (b) 

Figure 27. Maximum torque and power; (a) novice, (b) experienced 
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4.3.2 Estimated propulsive forces using the optimization technique 

 

Predicted radial propulsion force  

The predicted radial propulsion forces using optimization are described in Figure 28. The maximum 

values of the radial force showed similar patterns with the measured wheel torques. The radial force 

of the experienced at the light-slow condition was the smallest among all results. The maximum radial 

force of the experienced at the light-fast and the heavy-slow were smaller than those of the novices. 

However, they showed similar magnitude of maximum at the heavy-fast condition. The total changes 

of maximum radial forces were approximately 29 N in novices, but the experienced showed larger 

variation (39 N) than the novices (Table 6., Figure 29.). 

 The Figure 30 shows the net propulsion force directions at every time during contact phase. They 

were calculated from the radial and tangential propulsion forces which were found earlier. 

 

Table 6. Maximum radial and tangential propulsion force (N) 

 
Maximum Fr Maximum Ft 

 
Novice Experienced Novice Experienced 

Light-Slow 41.94 (4.60) 25.62 (3.98) 44.74 (3.14) 34.29 (2.07) 

Light-Fast 57.69 (5.85) 47.73 (5.16) 53.85 (3.97) 44.36 (2.79) 

Heavy-Slow 61.22 (3.62) 41.65 (4.56) 60.42 (3.38) 54.82 (2.96) 

Heavy-Fast 71.10 (5.96) 73.43 (7.06) 68.39 (6.56) 63.13 (9.03) 

Mean (sd) 

Fr : radial propulsion force 

Ft : tangential propulsion force 
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(a)                                     (b) 

 

(c)                                     (d) 

Figure 28. Radial propulsion force; (a) novices, (b) experienced, tangential propulsion force; (c) novices, (d) 

experienced 

 

 

 

(a)                                        (b) 

Figure 29. Maximum propulsion force; (a) radial force, (b) tangential force 
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(a) 

 

(b) 

Figure 30. The direction vectors of the propulsion force; (a) novice, (b) experienced; light-slow, light-fast, 

heavy-slow, and heavy-fast 
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Moments of shoulder, elbow, and wrist joint calculated by using the predicted radial force 

 Figure 31 presents the three upper limb joint moments during one cycle of propulsion under four 

different conditions of the novices and experienced. The experienced have shown the largest increase 

of the maximum joint moment in the shoulder with 16.4 Nm, in the wrist joint with 3.58 Nm, and in 

the elbow joint with 2.63 Nm, compared between the heavy-fast and the light-slow (Table 7.).  

According to the within group comparison of the maximum joint moments, shoulder and wrist joint 

of the experienced had significant differences with change of conditions. The maximum shoulder joint 

moments of novice group between ‘light-slow’ and ‘heavy-slow’ condition had not significant 

differences. The maximum elbow joint moment of novice between ‘light-fast’ and ‘heavy-slow’ 

condition had not significant differences. The maximum wrist joint moment of novice between ‘light-

slow’ and ‘light-fast’, ‘light-fast’ and ‘heavy-fast’ had not significant differences. The only pair of 

‘heavy-slow’ and ‘heavy-fast’ had not significant difference in the experienced elbow joint. 

 

Table 7. Maximum joint moments (Nm) 

  Shoulder joint Elbow joint Wrist joint 

  Novice Experienced Novice Experienced Novice Experienced 

Light-Slow 9.21 (0.94)
a
 5.22 (0.80) -7.08 (0.58) -3.01 (0.27) -3.56 (0.29)

a
 -2.31 (0.21) 

Light-Fast 13.56 (1.21) 14.89 (0.89) -8.63 (0.57)
a
 -3.75 (0.42) -4.19 (0.27)

a,b
 -4.25 (0.34) 

Heavy-Slow 10.00 (1.17)
a
 10.31 (0.98) -8.91 (0.61)

a
 -5.64 (0.58)

a
 -4.47 (0.31)

b
 -3.87 (0.30) 

Heavy-Fast 19.12 (1.57) 21.61 (1.67) -10.64 (0.92) -4.86 (0.44)
a
 -5.08 (0.27) -5.89 (0.76) 

Mean (sd) 

a-a, b-b: pairs of insignificant difference 
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Figure 31. Joint moments of the upper limbs during propulsion under the four different conditions of the novice 

and the experienced 
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(a) 

 

(b) 

 

(c) 

Figure 32. Maximum joint moments; (a) shoulder joint, (b) elbow joint, (c) wrist joint, (*: significant difference 

between groups) 
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4.3.3 Verification of the estimated force by using the result from the instrumented wheel 

 

 Using the defined analytical and optimization models, applied propulsion forces were verified at 

each hand position during propulsion. A stick diagram of measured and predicted forces from a 

representative trial is illustrated in Figure 33. The measured forces showed that the propulsion angle 

varied with subject due to different propulsion techniques used.  

 Predicted forces generally agreed with measured forces in direction and magnitude from the middle 

to the end of the push phase. The angle of difference (𝜃𝑑) ranged from 0.14 to 6.45 degree in the time 

phase from 57% to 100%. A large deviation of predicted force directions was noted before the middle of the 

contact phase. It ranged up to 59.20 degree at this phase (Figure 34.). 

 

 

Figure 33. Stick diagram of measured forces from the IWS, and predicted forces from a representative trial 

(𝜽𝒅 : the angle of difference between the predicted force and the measured force) 

 

 

Figure 34. The angle of difference between the predicted and the measured forces during a contact phase 

(representative trial) 
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4.5 Discussion and Conclusion 

The laboratory settings and devices for wheelchair propulsion study could be various depending on 

situation or the study objectives. In this study, we’re going to investigate the propulsion biomechanics 

with various manual wheelchair types. They include a sports wheelchair which has a different size of 

rear wheel and a different camber angle from those of standard wheelchair, and include ultra-light 

powered wheelchair which has motor systems on its rear wheel axle. Their rear wheel should not be 

replaced or rebuild. It is one of the reasons that we could not measure the propulsion force directly 

using the instrumented wheel system. However, IWS is going to use as a verification tool for our 

dynamometer system. (IWS was used as a verification tool for our dynamometer system) 

There are several strengths of this study to predict the propulsion force. It is the same object function 

as used in the previous study by Lin et al but we have used one of the critical variables as measured 

data from the dynamometer; the tangential force. And we don’t have to apply the weight factors on 

objective function because all input parameters of the formula have the same unit; (Jule).  

Only two-dimensional motion analysis was possible in this study due to the limitation of the 

dynamometer’s torque output. There are few studies about medial-lateral propulsive forces it is 

considered to proceed in the next study. The five or six consecutive stroke cycles (the fifteenth to 

twentieth cycle in a trial) were selected for average in the middle of every trail.  

Kinematic and kinetic results from the novices and experienced were averaged respectively to 

observe the general patterns of the propulsion motion. The results of within- and between- 

comparisons of kinematic and kinetic parameters of two groups under the four conditions were 

summarized as follows; 

1. Variations in contact time, release time, and linear velocity of the experienced group were all 

larger than those of the novice group. 

2. The propulsion angles of the experienced were larger than those of the novices in all conditions. 

3. The experienced had various propulsion patterns and wide range of propulsion trajectories. 
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4. Joint angles had not significant differences within- and between- groups. 

5. The maximum propulsion torques of the experienced were larger than those of the novices in all 

conditions. 

6. The propulsion powers of the experienced were larger than those of the novices except the light-

slow condition. 

7. The variances of the propulsion force (both radial and tangential) of the experienced were larger 

than those of the novices. 

8. The shoulder joint moment had the largest variance with conditions then the wrist joint moment, 

and the elbow joint moment had the smallest variance. The variance of the maximum shoulder 

joint moment with conditions was over four times of variance of the maximum wrist joint 

moment and eight times of the maximum elbow joint moment. 

9. The maximum joint moments increased significantly with the increase of speed and load both in 

the experienced and the novices. 

10. The maximum elbow extension moments of the experienced were always larger than those of the 

novices in all conditions although the maximum shoulder and wrist joint moments had 

insignificant differences. 

11. We could acquire more realistic results by using the measured torque value and wrist joint 

moments to the optimization method for estimation the radial propulsion force with object 

function of minimizing work. 

Experienced subjects were all professional wheelchair tennis players with five or more years of 

experience. Therefore, we believe that they had optimal mechanical efficiency for using manual 

wheelchairs. Quick and significant manipulation ability, depending on environmental changes, is 

considered an important factor in efficient propulsion. This efficiency could be confirmed by the 

results of the propulsion powers comparison with the novices. Sophisticated strategies of the efficient 

manual wheelchair propulsion could be understood by observation of the physical responses of each 

upper limb joint to the changes of load and speed. Sophisticated strategies of the efficient manual 
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wheelchair propulsion could be understood by observation of the physical responses of each upper 

limb joint to the changes of load and speed. In our next study, we are going to categorize the 

kinematic and kinetics of the propulsion pattern in detail. And moreover, the first stroke from the 

stationary state should be investigated separately. Its mechanics seemed very different from the others.  

The main objectives of this study were to prepare the device systems and to establish the theoretical 

basis for the analysis of the upper limb motion during manual wheelchair propulsion. We expect the 

results and the findings of this study to be utilized as a basic theory and a material in this field. 
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APPENDIX 

 

Matlab codes of the optimization model for the prediction of the propulsive force 

 

<<Main.m>> 

 

if (ismember('Cons',who) == 0) 

    Cons = str2double(inputdlg({'Ws(subject mass:kgf)','Ww(wheelchair mass:kgf)','Iw(rear wheel 

inertia:kg.m^2)','R(radius of wheel:m)','r(radius of roller:m)'},'Input constant 

values',1,{'59','14','0.141','0.28','0.05'},'on')); 

end 

Mtot = (Cons(1)/9.8+Cons(2)/9.8)*0.3065; % mass = weight/g , user-wheelchair system mass 

(considered right rear wheel ratio) 76kg * 30% 

Iw = Cons(3); % moment of inertia of the rear wheel 

R = Cons(4); % radius of the rear wheel 

r = Cons(5); % radius of the roller 

 

w1 = 1; % weight factor (reference : C.J. Lin et al., 2011, J Biomech) 

w2 = 1; 

 

for i=1:1:NumFile  % number of files 

    for j=1:1:size(NC_Tw.(Varname{i}),2) % number of column at each file (# of selected cycles) 

        for k=1:1:size(NC_Tw.(Varname{i}),1) 

            if (k==1) 

                x0 = 1; 

            else 

                x0 = x; 

            end 

             

            Twi = NC_Tw.(Varname{i})(k,j); % 1) wheel torque (Nm) 

            Ft.(Varname{i})(k,j) = Twi/R; 

            thetaWhi = NC_dthetaW.(Varname{i})(k,j); % 2) rot. angle of rear wheel (rad) 
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            dVel_sqi = NC_dVel_sq.(Varname{i})(k,j); % 3) diff. of squared lin. Vel.  

            dOmega_sqi = NC_dOmegaWh_sq.(Varname{i})(k,j); % 4) diff. of squared ang. Vel. 

            Psi = NC_Ps.(Varname{i})(k,2*j-1:2*j); % (j,2*i-1:2*i); % 5) shoulder position vector 

            Pei = NC_Pe.(Varname{i})(k,2*j-1:2*j); % 6) elbow position vector (m) 

            Pwi = NC_Pw.(Varname{i})(k,2*j-1:2*j); % 7) wrist position vector (m) 

            FINi = NC_RFIN.(Varname{i})(k,2*j-1:2*j); % 8) finger position (m) 

            dAsi = NC_dAs.(Varname{i})(k,j); % 9) diff. of shoulder angle (rad) 

            dAei = NC_dAe.(Varname{i})(k,j); % 10) diff. of elbow angle (rad) 

            dAwi = NC_dAw.(Varname{i})(k,j); % 11) diff. of wrist angle (rad) 

            thetaPi = NC_thetaP.(Varname{i})(k,j); % 12) propulsion angle (rad) 

             

            options = optimset('fmincon'); 

   options.Algorithm = 'active-set'; 

   options.Display = 'none'; 

   options.LargeScale = 'off'; 

   options.MaxFunEvals = Inf; 

   options.TolFun = 1e-12; 

   options.TolCon = 1e-12; 

   options.TolX = 1e-12; 

             

[x, val] = fmincon(@(x)objfnc(x, Twi, R,  thetaWhi, Mtot, dVel_sqi, Iw, dOmega_sqi, Psi, Pei, Pwi, 

FINi, dAsi, dAei, dAwi, thetaPi, w1, w2), x0, [], [], [], [], [], [], @(x)const(x, Twi, R, Psi, Pei, FINi, 

Pwi, thetaPi), options); 

             

            Fr.(Varname{i})(k,j) = x; 

        end 

        fprintf('%s - Column #%d - Done!\n',Varname{i}, j); 

    end 

end 
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<<objfnc.m>> 

 

function f = objfnc(x, Twi, R, thetaWhi, Mtot, dVel_sqi, Iw, dOmega_sqi, Psi, Pei, Pwi, FINi, dAsi, 

dAei, dAwi, thetaPi, w1, w2) 

 

% x = magnitude of Fr 

Fti = Twi / R;  % mag. of Ft 

 

%% rot. Transformation  

F = [cos(thetaPi - pi/2), -1*sin(thetaPi - pi/2); sin(thetaPi - pi/2), cos(thetaPi - pi/2)]*[Fti ; x]; 

 

F = F' + FINi; % parallel trans 

 

res = cross([Psi,0],[F, 0]); 

Ms = res(3); 

 

res2 = cross([Pei,0],[F, 0]); 

Me = res2(3); 

 

res3 = cross([Pwi,0],[F, 0]); 

Mw = res3(3); 

 

 

f = ((Twi*thetaWhi - (0.5*Mtot*(dVel_sqi) + 0.5*Iw*(dOmega_sqi))))^2 + (Ms*dAsi)^2 + 

(Me*dAei)^2 + (Mw*dAwi)^2; 
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<<const.m>> 

 

 

function [i, e] = const(x, Twi, R, Psi, FINi, Pei, Pwi, thetaPi) 

 

%% rot. Transformation  

F = [cos(thetaPi - pi/2), -1*sin(thetaPi - pi/2); sin(thetaPi - pi/2), cos(thetaPi - pi/2)]*[Fti ; x]; 

 

F = F' + FINi; % parallel trans 

 

res = cross([Psi,0],[F, 0]); 

Ms = res(3); 

 

res2 = cross([Pei,0],[F, 0]); 

Me = res2(3); 

 

res3 = cross([Pwi,0],[F, 0]); 

Mw = res3(3); 

 

e = []; 

i(1) = -102 - Ms; 

i(2) = Ms - 79; 

i(3) = -77.1 - Me; 

i(4) = Me - 87.9; 

i(5) = -21.7 - Mw; 

i(6) = Mw - 17.4; 

 

 

 

 

 

 

 



76 

 

ABSTRACT IN KOREAN 

 

수동 휠체어 추진시 상지 관절의 운동역학적 분석 

 

연세대학교 대학원 의공학과 

황선홍 

 

수동 휠체어 사용자들은 상지 근골격계 질환 유병률이 높고, 통증으로 인해 고통 받을 

수 있는 위험성이 높다. 최근 연구들에 따르면 수동 휠체어 추진 동작 시 반복되는 높은 

부하가 최소한 부분적으로는 이러한 손상과 통증의 원인이라고 주장되어왔다. 수동 휠체

어 추진 동작에 대한 기계적 비효율성을 감소시키는 것이 물리적 손상과 통증을 경감시

킬 수 있는 방안이다. 생체역학적 관점에서 수동 휠체어 추진 동작의 기계적 효율성을 

증진 시키기 위해서는 이 동작에 대한 운동 역학적, 형상학적 분석과 평가가 필수적이다. 

추진 동작의 역학적인 요소에 대한 명확한 비교 평가 및 이해를 돕기 위해서는 일상 생

활동작 수준 이상의 높은 수준에 대한 동작분석이 필요하다. 연구자들은 휠체어 추진 동

작의 운동 역학적 요소들을 측정하기 위해 실험실 고유의 휠체어 트레드밀이나 에르고미

터, 휠체어 다이나모미터와 같은 장비를 개발하여 사용해 왔다. 이런 장비들은 피실험자

들이 자신들의 휠체어를 실험에 사용할 수 있기 때문에 생리학적, 운동 형상학적, 운동 

역학적 인자들을 좀 더 실제와 가까운 값을 측정할 수 있다는 장점이 있다. 최근에는 이

렇게 각각의 연구실에서 개발된 장비에 대한 보정작업이 강조되는데, 학문적으로 연구 

결과를 서로 비교해 보기 위해서 필수적인 작업이 되었다. 관성형 휠체어 다이나모미터

의 경우 장비 자체의 고정 관성 모멘트 값과 자체 저항력 요소를 결정하는 것이 그 보정 

작업이 된다. 따라서 본 연구의 목적은 크게 2가지로 나뉠 수 있는데, 첫째는 본 연구에 

필요한 휠체어 다이나모미터를 개발하고 보정하는 것이고, 둘째는 수동 휠체어를 사용해
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본 경험이 있는 숙련자와 경험이 없는 비숙련자를 피실험 대상으로 하여 개발된 휠체어 

다이나모미터와 동작분석 장치를 이용하여, 추진속도(저속, 고속)와 추진부하(저부하, 

고부하)가 서로 다른 4가지 조건하에서 추진 동작 분석을 실시하여 그 결과를 비교 분석

하는 것이다.  

본 연구의 가정과 목적은 1장에 서술하였으며, 2장에서는 수동 휠체어 추진 동작에 관

련된 이론들을 정리하였다. 3장에서는 본 연구에 사용한 휠체어 다이나모미터의 개발과 

보정에 관하여 서술하였다. 개발된 토크 트랜스듀서가 장착된 관성형 휠체어 다이나모미

터는 휠체어 뒷 바퀴의 토크를 측정하는데 매우 간단하고 간편한 장점이 있을 뿐만 아니

라 다른 장비들에 비해 개발 가격이 저렴한 장점이 있다. 직접 측장한 토크 값은 순수 

관성형 휠체어 다이나모미터를 사용했을 때 계산으로 얻어진 토크 값보다 더 실제에 가

까운 값이다. 또한, 다이나모미터에서 계산하기 힘든 구심력은 최적화 기법의 수학적 방

법을 적용함으로써 구하였다. 마지막으로, 숙련자 집단과 비숙련자 집단에 대한 휠체어 

추진 동작 분석의 방법과 결과는 4장에 서술하였다. 저부하-저속, 저부하-고속, 고부하-

저속, 고부하-고속의 4가지 조건에서 관찰된 운동형상학적, 운동역학적 변수들을 집단 

내 그리고 집단 간 비교를 실시한 결과는 다음과 같이 요약할 수 있다.  

1. 숙련자는 비숙련자에 비해 조건에 따른 선속도, 접촉시간 변화가 컸다. 

2. 숙련자의 추진 각이 모든 조건에서 비숙련자에 비해 컸다. 

3. 숙련자의 추진패턴은 비숙련자에 비해 다양하고, 움직임 궤적의 범위가 좁았다. 

4. 관절각의 변화량에는 집단별, 조건별 유의한 차이는 없었다. 

5. 숙련자의 최대 토크는 모든 조건에서 비숙련자에 비해 작았다. 

6. 숙련자의 최대 일률은 저부하-저속 조건만 제외하고 비숙련자에 비해 컸다.  

7. 숙련자의 최대 추진력(축 방향, 접선방향 모두)은 조건변화에 따라 변화량이 컸

으나 비숙련자는 상대적으로 변화량이 작았다. 
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8. 최대 관절 모멘트의 조건별 변화량은 견관절에서 가장 컸고 그 다음 수근관절, 

주관절에서 가장 작았다. 견관절의 최대 모멘트 변화량은 수근관절의 4배, 주관

절의 8배를 넘는 량이었다. 

9. 숙련자, 비숙련자 모두 부하와 속도의 증가에 따라 관절 모멘트가 유의하게 증

가하였다. (숙련자의 속도에 따른 주관절 모멘트만 제외) 

10. 최대 관절 모멘트는 조건에 따라 두 집단이 유사할 때도 있었지만, 숙련자의 주

관절 신전 모멘트는 비숙련자에 비해 항상 작았다. 

11. 일을 최소화하는 목적함수로 접선 방향 추진력을 추정하는 최적화 기법에서 입

력변수 중에 실측 토크 값을 이용하였고, 수근관절 모멘트도 고려하였을 때 그

렇지 않은 경우에 비하여 좀 더 정확한 결과를 얻을 수 있었다. 

실험에 참여한 숙련자들은 모두 최소 5년 이상 휠체어 테니스를 전문적으로 행하여 오

고 있는 프로 선수들이기 때문에 그들의 추진 동작이 효율적인 동작이라고 믿을 수 있다. 

숙련자들의 휠체어 추진 중 환경 변화에 대한 빠르고 큰 조절 능력은 효율적인 휠체어 

추진 방법에 대한 중요한 요소 중의 하나로 여겨진다. 이러한 효율성은 두 집단의 기계

적 일률의 차이에서 확인할 수 있었다. 각 관절에서 부하와 속도의 변화에 따른 물리적 

대응이 비숙련자에 비해 어떻게 달랐는지를 살펴 보면 숙련자의 효율적인 휠체어 추진 

전략이 무엇이었는지 파악할 수 있다. 앞으로 이러한 연구의 결과들이 축적되고 일반화 

된다면 그것을 올바른 휠체어 추진 동작의 기준요소로 삼을 수 있을 것이다. 따라서, 본 

연구에서 소개된 연구방법과 그에 따른 결과가 휠체어 추진 동작의 효율성을 역학적, 정

량적으로 밝히는데 중요한 기초자료가 될 수 있을 것이라 기대한다. 

핵심이 되는 말: 수동 휠체어 추진, 운동역학, 휠체어 다이나모미터, 추진각, 추진패

턴, 추진토크, 추진일률, 관절각도, 관절 모멘트, 추진력, 최적화기법 

 


