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Abstract 

Wheelchair users are exposed to whole-body vibrations, particularly when traversing rugged 

terrain such as in less resourced areas.  Suspension systems have been added to wheelchair 

systems to protect occupants from secondary injuries associated with whole-body vibration.  

Current suspension systems need to be further developed in order to optimize the protection 

against these secondary injuries.  Until further research finds conclusive evidence for comfort 

level, and the onset of injury due to vibrations, it has been recommended to reduce whole-body 

vibration exposure to the lowest possible level.  A versatile testing apparatus and method were 

designed and built to detect the acceleration and frequencies a wheelchair occupant would be 

exposed to while riding on simulated rough terrain.  A novel dummy was instrumented with 

accelerometers to measure the accelerations and frequencies experienced by the wheelchair user. 

The apparatus and method was able to detect peak acceleration magnitudes, and was able to 

detect resonant frequencies and their intensities with either a PSD or FFT analysis.  The minimum 

observable effect of change between two test conditions ranged from 6.0% for peak acceleration 

analysis when using six tests and a light dummy; to 41.0% for PSD analysis when using three 

tests and a heavy dummy. This adjustable testing apparatus and method can be used to tune a 

wheelchair system suspension design because it can elucidate whether or not a design is able to 

reduce accelerations and attenuate resonant frequencies experienced by a wheelchair occupant. 
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Chapter 1 

Introduction 

 

 

 

1.1 Background and Motivation 

 

As part of a collaborative project between Queen’s University and the National Institute of 

Design (Ahmedabad, India), Mulholland et al. (1998) investigated mobility needs of lower 

extremity disabled women in Gujarat State, India.  The study considered current mobility, 

seating, physical environment, sociocultural considerations, object transportation strategies, 

activities of daily living, and demographics.  Since most of the activities of the ten women 

sampled were carried out on or close to the ground, it was reasoned that a more functional 

mobility device would position the women near the ground, rather than a wheelchair at table 

height (Mulholland, Packer et al. 1998).  This study prompted Lysack et al. (1999) to design an 

appropriate ground-level indoor mobility device for women in India with ambulatory disabilities 

(Figure 1.1.1), which was named the ‘GADI’ – a Hindi/Gujarati word loosely translated to mean 

“anything which provides mobility to people” (Lysack 1996).  This mobility device has been built 

and modified since 1999 in a small production facility at the Blind People Association (BPA) in 

Ahmedabad, India and distributed to women with ambulatory disabilities in nearby villages.  

Additionally, a booklet describing the production and use of the device was distributed to 

rehabilitation organizations throughout India.   
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Figure 1.1.1.  Ground-level mobility device being used by a women in India with 

ambulatory disabilities. (Lysack 1996) 

 

Due to the success of the device, the National Institute of Design, Ahmedabad, India, contacted 

U.P. Wyss, one of the project leaders in Canada, to help work on developing an outdoor mobility 

device that would enable people to go to and from school, work, stores, etc. over rugged terrain.  

This prompted a first iteration prototype of a long range outdoor mobility device (Figure 1.1.2).  

A second iteration was completed in 2005 (Catana 2005) as shown in Figure 1.1.3 and detailed in 

Appendix A.  Essential aspects in the development of Catana’s final design proposal were user 

feedback, and engineering analyses of the caster system, seating interface and frame design.  

Catana recommended to further explore the addition of a shock absorption system.  This was 

implemented in a further refinement in 2007; however, the complexity of designing an 

appropriate suspension system has required a suitable testing facility for this purpose. 
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Figure 1.1.2.  2003 iteration of an outdoor mobility device (Catana 2005) 

 

 

 

 
Figure 1.1.3. GADI 2004 working model (Catana 2005) 
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1.2 Thesis Objectives 

 

The long term objective of this study is to provide testing resources for the improvement of long 

range mobility devices in developing and rural regions.  This thesis presents the design, 

fabrication, commissioning and evaluation of a vibration testing system for these devices.   

The specific objectives of this research were to: 

1) Design and build a testing apparatus that can simulate a wide variety of test conditions in 

order to aid in the design of suspension systems for mobility devices; and to 

2) Simulate a rugged terrain test using varied Indian population mass anthropometry to 

provide the base line data required for future suspension design optimization.  

 

 

1.3 Thesis Format 

 

The thesis is written in a manuscript format.  As a result, there is a certain amount of repetition of 

the thesis and manuscript.  The literature review in Chapter 2 examines mobility devices in less 

resourced areas, health concerns of wheelchair users, and wheelchair suspension systems.  In 

Chapter 3, the manuscript introduction is a condensed version of the literature review in Chapter 

2, with the addition of topics in current testing methodology and analysis of wheelchair 
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suspension systems.  The manuscript also presents compressed summaries of the design and 

fabrication of the testing apparatus that are fully detailed in Appendices.  The focus of the 

manuscript is the presentation of vibration testing using the system on the current iteration of the 

long-range mobility device designed at Queen’s.  Chapter 4 provides a general discussion 

including limitations of the study, and Chapter 5 provides conclusions and recommendations. 
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Chapter 2 

General Literature Review 

 

 

 

2.1 Mobility Devices in Less Resourced Areas 

 

Disability is both a cause and a consequence of poverty.  Denial of rights and economic and 

social disadvantages are incurred by about 80% of people with disabilities in the world because 

they live in low income countries (Concept note: World Report on Disability and Rehabilitation. 

2008).  It was estimated by the World Bank that 20% of the world’s poorest citizens living in 

developing countries were disabled in 2000 (Metts 2000).  A higher vulnerability to illness and 

disease can be caused by inadequate hygiene, sanitation, and nutrition, due in part to a lack of 

access to information about causes of impairments and the provision of health care and 

rehabilitation (Concept note: World Report on Disability and Rehabilitation. 2008, Elwan 1999).  

 

The World Health Organization (WHO) estimates that 10% of the world’s population 

(approximately 650 million) has disabilities (Armstrong, Borg et al. 2008).  There is no precise 

number of how many people in low income countries need a wheelchair but it has been estimated 

to be between 20-100 million (Report of a Consensus Conference on Wheelchairs for Developing 
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Countries, 2007, Kim, Mulholland 1999).  Anecdotal evidence has shown that a small number of 

those in need of mobility devices in low income countries have access to one, and of these very 

few have access to an appropriate one (Report of a Consensus Conference on Wheelchairs for 

Developing Countries, 2007). 

 

An essential condition to take part in numerous social activities is personal mobility.  Thus, it is 

recognized that a prerequisite to obtaining inclusion and involvement, and benefiting from equal 

opportunities and rights is an appropriate mobility device (Armstrong, Borg et al. 2008, Standard 

Rules on the Equalization of Opportunities for Persons with Disabilities.).  People are limited to 

their house and are unable to live an inclusive life without a mobility device.  Independent 

mobility allows people to actively pursue education and employment, take part in cultural life, 

and access health care (Mulholland, Packer et al. 1998, Armstrong, Borg et al. 2008, Krizack 

2003).  A wheelchair is the means to increased independence and social integration, but it is not 

an end in itself (Krizack 2003, Albert, McBride et al. 2002). 

 

Many want to help with the growing need of mobility devices and often donate “Western” 

wheelchairs.  These attempts to help might actually be making the situation worse.  Some 

arguments against “Western” wheelchair donations include: 

 “These wheelchairs are almost always near the end of their useful life, and were 

designed to cope with an entirely different environment” – (Kim, Mulholland 1999) 
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 They usually are unable to hold up to the stress of pot-hole ridden streets, unpaved roads, 

farm fields, and curb climbing.  Most of the time it is impossible or too expensive to 

obtain replacement parts after mechanical failures occur. Broken imported chairs are 

virtually useless. (Hotchkiss 1985)  

 Local wheelchair companies have been reported to be harmed by donations as they 

undermine the creation of local wheelchair manufacturers. (Krizack 2003, Hotchkiss 

1987)  

 It is usually costly and difficult or impossible to replace the materials used, due to the 

deficiency of resources. (Hotchkiss, Knezevich 1990) 

 
 

Additionally, a wheelchair is considered to be “appropriate” according to the International 

Society for Prosthetics and Orthotics (Report of a Consensus Conference on Wheelchairs for 

Developing Countries, 2007) if it: 

 supplies postural support and proper fit; 

 is durable and safe; 

 meets environmental conditions and the user’s requirements; 

 is available in the country and; 

 can be acquired, maintained and serviced in the country affordably. 

 
 

The WHO suggests some of the reasons for supporting the use of appropriate technology are 

(Armstrong, Borg et al. 2008): 
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1) They are usually culturally and socially acceptable devices, which may increase the rate 

of utilization and sustained use;  

2) Devices made from local resources are more affordable;  

3) The ability to access a local manufacturer allows for better maintenance and repairs;  

4) Use of appropriate technology can emphasize the principle that good quality technology 

does not have to come from external sources 

 

 

2.2 Health Concerns 

 

2.2.1 Pressure Sores 

Pressure sores are a common problem for wheelchair users.  Pressure sores, as stated by Chesney 

et al. (1998), are the leading cause of death among disabled people in low income countries.  

Within two years of acquiring spinal cord injuries 80% of people die as a result of pressure-sore-

related issues (Shapcott, Cooper et al. 1996).  The most effective and common way to prevent 

pressure sores in a mobility device is through the seat cushion design.  However, VanSickle et al. 

(2000) suggests that a further reduction in the rate of pressure sores possibly could be linked to 

the understanding and minimization of shocks felt by a wheelchair occupant.  Hence by 

implementing a shock absorption system into a mobility device, the pressure that an occupant’s 

buttocks are exposed to while traversing over rugged terrain is reduced, thus aiding in the 

prevention of pressure sores.  
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2.2.2 Resonant Frequencies 

“When an object is vibrated at its resonant frequency, the object will vibrate at maximum 

amplitude, which is larger than the amplitude of the original (excitation) vibration.  This 

phenomenon is called resonance.” (Sanders, McCormick 1993).  Resonant (natural/peak) 

frequencies of the human body have been determined.  Vertical vibrations in the range 4-8 Hz 

generally cause portions of the torso to resonate when a person is seated (Sanders, McCormick 

1993).  There have been two principal human resonant frequencies found around that range: the 

first around 4-6 Hz (Fairley, Griffin 1989, Kitazaki, Griffin 1998, Pope, Wilder et al. 1999, 

Mansfield, Griffin 2000); and the second around 8-10 Hz (Fairley, Griffin 1989, Kitazaki, Griffin 

1998, Mansfield, Griffin 2000) or between 9.4-13.1 Hz (Pope, Wilder et al. 1999).  Noteworthy, 

is that Pope et al. (1989) found that softer materials (i.e. viscoelastic material such as a seat 

cushion) moved the first natural frequency below 4 Hz and increased its amplitude (intensity).  

Additionally, people were found to be the most sensitive to frequencies from 4-12.5 Hz when 

comfort was being evaluated (Ahn, Griffin 2008).  It is important to consider comfort when 

designing a mobility device as it has been shown that if people are not comfortable using a device 

they will stop using it (Janssen, van Oers et al. 1996).  Consequently, vertical vibrations 

approximately in the range of 4-12 Hz are the most damaging and uncomfortable and should be 

avoided or reduced in intensity (amplitude/magnitude).   Moreover, Hill et al. (2009) determined 

from their review of literature that the effect of vibrations on the human spine might be reliant 

upon the frequency, amplitude, and axis along with other factors.  Therefore, the frequency, 

amplitude, and axis of vibrations should be measured and considered.   
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When the body is subjected to forces due to high-intensity accelerations in seat vibrations, 

especially near resonant frequencies, more harmful health side effects may result - particularly in 

the spine causing back injury (Bazrgari, Shirazi-Adl et al. 2008 a, Dupuis, Hartung et al. 1991, 

Sandover 1998a, Seidel, Heide 1986 b).  Thus, it is important to reduce the intensity (amplitude) 

of the accelerations a person is exposed to (Xia, Ankrum et al. 2008). 

 

2.2.3 Physiological Effects of Whole-Body Vibration 

Many health problems have been associated with whole-body vibration such as muscle fatigue 

(Zimmermann, Cook et al. 1993), peripheral nervous system effects, vascular disorders, digestive 

disorders, circulatory disorders, pathogenesis of disorders of female reproductive organs, and low 

back pain (Seidel, Heide 1986 b, Seidel, Bluethner et al. 1986 a, Seidel 1993).  Low back pain is 

widely agreed upon to be the main and most clearly associated health risk to whole-body 

vibration, particularly with respect to occupational induced whole-body vibration  (A Critical 

Review of Epidemiologic Evidence for Work-Related Musculoskeletal Disorders of the Neck, 

Upper Extremity, and Low Back. 1997, Bongers, Hulshof et al. 1990, Burdorf, Sorock 1997, 

Bovenzi, Pinto et al. 2002, Hulshof, van Zanten 1987, Lings, Leboeuf-Yde 2000, Lis, Black et al. 

2007, Magnusson, Pope et al. 1996, Pope, Hansson 1992, Bovenzi, Hulshof 1998).  Despite the 

association of low back pain with whole-body vibration, the risk is still not fully understood 

(Sandover 1997).  Some whole-body vibration induced back pain has been strongly associated 

with degenerative changes in the spinal system such as: lumbar intervertebral disc disorders, 

specifically in crane operators, tractor drivers and drivers in the transportation industry (Hulshof, 

van Zanten 1987); and microfractures in the bony elements of the spine (Ayari, Thomas et al. 
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2009).  Furthermore, it has been found that after exposure to whole-body vibration the spine has 

difficulty in sensing and reproducing lumbar support, which may indicate impairment in spinal 

stability, thus the risk of injury from subsequent use of the spine while lifting and handling (e.g. 

loading a truck) is increased (Bazrgari, Shirazi-Adl et al. 2008 a, Slota, Granata et al. 2008).  

Thus, in the case of a wheelchair a danger is presented in transferring to and from the chair or in 

lifting heavy items.  

 

2.2.4 Occupational Standards for Exposure to Whole-Body Vibration 

Although there is agreement that shocks and vibration are a problem, current guidelines 

regulating human exposure to whole-body vibration are not thought to be effective as preventive 

measures (Hill, Desmoulin et al. 2009).  Standards, such as the International Organization for 

Standardization (ISO) standard 2631 and the Bristish Standard 6841, are thought to have 

deficiencies because exposure limits, set to protect humans from injury, are too high (Sandover 

1998a, Seidel, Heide 1986 b, Sandover 1998 b).  Further investigation is needed to isolate the 

effects of vibrations if approximations of magnitude, accumulation, and measurements of health 

effect are to be adequately dependable to create a dose-response relationship (Ahn, Griffin 2008).  

As such, until a reliable dose-response relationship is developed it is recommended to reduce the 

whole-body vibration exposure to the lowest possible level (Lings, Leboeuf-Yde 2000, Sandover 

1997).  Sandover (1997) recommends doing this in the workplace by concentrating on better 

attenuation systems such as anti-vibration seats and cabs and similar approaches could be used in 

wheelchair design. 
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2.3 Whole-Body Vibration in Wheelchair Users 

 

People who use wheelchairs as their primary means of mobility often use their wheelchairs for 

extended periods of time every day, furthermore outdoor mobility device users encounter 

obstacles such as bumps, curb descents, and uneven driving surfaces, all of which cause whole-

body vibrations.   Thus, as a consequence of exposure to shock and vibration, long-term 

wheelchair use may lead to an increased risk of secondary injuries such as low back pain, spinal 

degradation. 

 

The problem of whole-body vibration has been recognized by the wheelchair community, and 

efforts have been made to evaluate and quantify the vibration transmitted to wheelchair users 

during propulsion.   Whole-body vibration has been found to increase the rate of fatigue of 

wheelchair users (VanSickle et al. 2001) as well as affect their psychological comfort (Maeda, 

Futatsuka et al. 2003).  This can consequently limit a wheelchair user’s activity and participation 

(Janssen, van Oers et al. 1996).  A number of studies have concluded that wheelchair occupants 

typically experienced peak resonant frequencies in the vulnerable natural frequency range of 

humans (~ 4-12 Hz), where vibrations have been shown to cause most injuries. These include the 

Hostens et al. (2003) study of outdoor wheelchair vibration measurements, the Cooper et al. 

(2003) study of wheelchairs with and without rear-suspension systems, the DiGiovine et al. 

(2003) study of examined wheelchairs that traversed rumple and dimple strips, and the Maeda et 



 

14 

 

al. (2003) study of wheelchairs on a vertical electro-dynamic vibrator.  Maeda et al. (2003) 

revealed that wheelchair users also felt whole-body vibration at the neck, back, and buttocks 

during propulsion.  Wolf et al. (2007) stated that wheelchair users may be in danger of secondary 

injuries from whole-body vibration when traversing over certain surfaces.  Some of the other 

studies on wheelchair vibration have included the analysis of perceived ride comfort and 

ergonomics based on survey data (DiGiovine, Cooper et al. 2000, Wolf, Pearlman et al. 2005) 

and the analysis of vibration data (VanSickle, Cooper et al. 2000,VanSickle et al. 2001).   

 

2.3.1 Wheelchair Suspension Systems   

The awareness of the need to reduce the shocks and vibrations transmitted to the users of 

wheelchairs has lead to both suspension caster forks and rear-suspension systems.   Cooper et al. 

(2003) showed that the addition of suspension caster forks reduced the exposure to vibrations 

within the natural frequency range of humans (4–15 Hz), and recommended that wheelchair users 

give serious thought to suspension caster forks, especially if they have chronic pain or are active.  

Kwarciak et al. (2008) found that suspensions in manual wheelchairs offer some level of 

vibration attenuation.  Requejo et al. (2008) determined that the forces and accelerations a 

wheelchair user experiences are reduced when wheelchair suspension is used, and comfort may 

increase at higher speeds.  Additionally, Cooper et al. (2003) determined that rear-suspension 

systems reduce some of the factors related to shock and vibration exposure, however these were 

not clearly better than a traditional wheelchair design.  Kwarciak et al. (2008) suggested that the 

effectiveness of a wheelchair’s suspension depends on the angle at which a wheelchair impacts its 

landing surface.  Hostens et al. (2003) even found that two wheelchairs equipped with some 
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passive suspension systems, actually amplified the vibration in the 3-4.5 Hz range.  Thus, the 

design of wheelchair suspension systems needs to be improved in order to optimize the protection 

against secondary injuries associated with whole-body vibration exposure. 

 

2.3.2 Standards for Exposure to Whole-Body Vibration for Wheelchair Users 

Although manufacturers have developed novel designs for seating, frame, and suspension 

systems to decrease the effects of shocks and vibration by attenuating the external reaction forces 

the occupant is exposed to while going over obstacles and descending curbs, the dynamic 

response of human wheelchair occupants and the magnitude and direction of these forces have 

still not been fully assessed.  Consequently, there are currently no standards for vibration and 

shock exposure for wheelchair users.  The current guidelines set out for regulating human 

exposure to whole-body vibration for industrial occupations, such as by ISO 2631 and British 

Standard 6841, may not be effective measures even in occupational situations (Ahn, Griffin 2008, 

Hill, Desmoulin et al. 2009, Sandover 1998a, Seidel, Heide 1986 b, Sandover 1997, Sandover 

1998 b) and  most likely would not be reliable measures for wheelchair users either.  To add to 

the case against the standards being reliable, specifically for wheelchairs, Weisman et al. (1995) 

pointed out that wheelchair users often have diminished trunk muscle function and other stability 

and postural insufficiencies and suggests that the limits established by the ISO standard are 

probably higher than can be tolerated by wheelchair occupants.  As the ISO 2631-1 (1997) 

standard clearly states that it is applicable only to situations involving “…persons in normal 

health…”  Vansickle et al. (2001) suggest that an algorithm that detects acceleration peaks and 
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records the acceleration magnitudes may be more appropriate for vibration shock testing than the 

ISO-2631 standard:   

“As Frequency analysis provides a poor localization in time by averaging the results over the 
entire Fourier transform period because the ISO-2631 standard assumes that the subject will be 
exposed to a constant or near-constant level of vibration exposure over the timeframe of the test. 
This does not appear to be the case for wheelchair users, because data point to exposure to large 
impulsive accelerations that occur infrequently throughout the day.”   

Thus, until further research is performed finding conclusive evidence for comfort level, and the 

onset of injury due to vibrations, particularly for wheelchair users, it is recommended to reduce 

the whole-body vibration exposure to the lowest possible level (Lings, Leboeuf-Yde 2000, 

Sandover 1997).  With direct relation to wheelchair users, Requejo et al. (2008) concluded that 

minimizing the forces transmitted to wheelchair occupants is important for ride quality.  

Therefore, wheelchair and suspension systems should be designed to minimize peak 

accelerations, to which wheelchair occupants are exposed, and to shift or attenuate frequencies 

that are in the natural frequency range of humans.  

 

 

2.4 Summary 

 

Work over the past decade has indicated that the design of wheelchair suspension systems needs 

to be improved in order to optimize the protection against secondary injuries.  Thus, in order to 

evaluate the design of these devices, a suitable testing facility is required.  The objective of this 

study was to design, fabricate, commission, and evaluate a vibration testing system that could be 

used in a variety of applications, with particular focus on designs for less resourced regions. 
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Chapter 3 

Versatile Wheelchair Obstacle Simulator and Instrumentation for 

Assessing Wheelchair Suspension 

 

 

 

This paper will be submitted in slightly modified form to the Journal of Rehabilitation Research 

and Development with co-authors M.A. Restorick, J.T. Bryant and U.P. Wyss.  Complete 

descriptions of the design and methodology, while essential for the thesis, are too detailed for the 

conventional manuscript.  As such, they are provided in their entirety in Appendices A – F.  In 

addition, a complete set of test data is archived in electronic format. 

 

 

3.1 Abstract 

 

Wheelchair users are exposed to whole-body vibrations, particularly when traversing rugged 

terrain such as in rural and less resourced areas.  Suspension systems have been added to 

wheelchair systems to protect occupants from secondary injuries associated with whole-body 

vibration; however, these need to be further developed in order to optimize the protection against 

these injuries.  Until further research finds conclusive evidence for comfort level and the onset of 
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injury due to vibrations, it has been recommended to reduce whole-body vibration exposure to the 

lowest possible level.  An adjustable testing apparatus and method were developed to detect the 

acceleration and frequencies to which a wheelchair occupant would be exposed.  This was based 

on a novel adjustable mass dummy instrumented with accelerometers to measure the 

accelerations and frequencies experienced by the occupant.  The apparatus and method was able 

to detect peak acceleration magnitudes, and was able to detect resonant frequencies and their 

amplitudes with either a PSD or FFT analysis.  The adjustable testing apparatus and method can 

be used to tune a wheelchair system suspension design because it can elucidate whether or not a 

design is able to reduce accelerations and attenuate resonant frequencies experienced by the 

wheelchair occupant. 

 

 

3.2 Introduction 

 

Wheelchairs are associated with a number of user-related injuries, of which pressure sores are the 

most common.  Chesney et al. (1998) reported that they are the leading cause of death among 

disabled people in low income countries.  The most common way to reduce the incidence of 

pressure sores in a mobility device is through seat cushion design.  However, VanSickle et al. 

(2000) suggests that a further reduction in the rate of pressure sores could be achieved by a 

minimization of the level of vibration transmitted to a wheelchair occupant. 
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Vertical vibrations in the range 4-8 Hz generally induce resonance and cause a seated person’s 

entire upper torso to resonate (Sanders, McCormick 1993).  There have been two principal human 

resonant frequencies found in this range: the first around 4-6 Hz (Fairley, Griffin 1989, Kitazaki, 

Griffin 1998, Pope, Wilder et al. 1999, Mansfield, Griffin 2000); and the second around 8-10 Hz 

(Fairley, Griffin 1989, Kitazaki, Griffin 1998, Mansfield, Griffin 2000) or between 9.4-13.1 Hz 

(Pope, Wilder et al. 1999).  Consequently, vertical vibrations in the range of approximately 4-12 

Hz are considered the most uncomfortable and should be avoided or reduced in intensity to 

improve rider comfort.  Furthermore, when the human body is subjected to high-intensity 

accelerations in seat vibrations, especially near resonant frequencies, more harmful health side 

effects may result, particularly in the spine causing back injury (Dupuis, Hartung et al. 1991, 

Sandover 1998a, Seidel, Heide 1986 b, Bazrgari, Shirazi-Adl et al. 2008 b).  Thus, it is important 

to reduce the exposure of wheelchair occupants to these accelerations (Xia, Ankrum et al. 2008). 

 

People who use wheelchairs as their primary means of mobility often use their wheelchairs for 

extended periods of time every day, furthermore outdoor mobility device users encounter 

obstacles such as bumps, curb descents, and uneven driving surfaces all of which cause whole-

body vibrations.   Thus, as a consequence of exposure to shock and vibration, long-term 

wheelchair use may lead to an increased risk of secondary injuries (Seidel, Heide 1986 b, 

Zimmermann, Cook et al. 1993, Seidel, Bluethner et al. 1986 a, Seidel 1993, Hulshof, van Zanten 

1987, Bovenzi, Hulshof 1998, Ayari, Thomas et al. 2009) particularly low back pain, which is 

widely agreed upon to be the most clearly associated health risk to whole-body vibration (A 

Critical Review of Epidemiologic Evidence for Work-Related Musculoskeletal Disorders of the 
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Neck, Upper Extremity, and Low Back. 1997, Bongers, Hulshof et al. 1990, Burdorf, Sorock 

1997, Bovenzi, Pinto et al. 2002, Hulshof, van Zanten 1987, Lings, Leboeuf-Yde 2000, Lis, 

Black et al. 2007, Magnusson, Pope et al. 1996, Pope, Hansson 1992, Bovenzi, Hulshof 1998).  

Furthermore, it has been found that after exposure to whole-body vibration the spine has 

difficulty in sensing and reproducing lumbar support, which may indicate impairment in spinal 

stability, thus a risk of injury from subsequent use of the spine while lifting and handling is 

increased (Bazrgari, Shirazi-Adl et al. 2008 a, Slota, Granata et al. 2008).   

 

The problem of whole-body vibration has been recognized by the wheelchair community, and 

efforts have been made to evaluate and quantify the vibration transmitted to wheelchair users 

during propulsion.   Whole-body vibration has been found to increase the rate of fatigue of 

wheelchair users (VanSickle et al. 2001) as well as reduce their psychological comfort (Maeda, 

Futatsuka et al. 2003), which consequently could limit a wheelchair user’s activity and 

participation (Janssen, van Oers et al. 1996).  Hostens et al. (2003), Cooper et al. (2003), 

DiGiovine et al. (2003), and Maeda et al. (2003) study confirmed that wheelchair occupants 

typically experienced peak resonant frequencies in the vulnerable resonant frequency range of 

humans (4-12 Hz), where vibrations have been shown to cause most injuries.  Maeda et al. (2003)  

showed that wheelchair users also felt whole-body vibration at the neck, back, and buttocks 

during propulsion.  In addition, Wolf et al. (2007)  confirmed that wheelchair users may be in 

danger of secondary injuries from whole-body vibration when traversing over certain surfaces.  
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Vibration is transmitted to an occupant though the pathway that includes four main interactions:  

the road surface - tire contact, the frame, the internal mechanical suspension, and the seat – 

occupant interface.  The awareness of the need to reduce vibrations transmitted to the users of 

wheelchairs has lead to novel frame, seat, and suspension designs (caster forks and rear-

suspension systems) to reduce the external reaction forces.  Cooper et al. (2003) and Kwarciak et 

al. (2008)  found that wheelchair suspension systems provided appreciable levels of vibration 

attenuation, and Requejo et al. (2008)  determined that forces and accelerations are reduced when 

wheelchair suspension is used.  Furthermore, comfort may increase at higher speeds.  However, 

these studies unanimously agreed that the design of wheelchair suspension systems needs to be 

improved in order to optimize the protection against secondary injuries associated with whole-

body vibration exposure.  Hostens et al. (2003) even found that some passive suspension systems 

actually amplified the vibration in the 3-4.5 Hz range.   

 

Although manufacturers have developed designs for seating, frames, and suspension systems to 

decrease the effects of shocks and vibration, the dynamic response of human wheelchair 

occupants and the magnitude and direction of these forces have still not been fully assessed.  The 

current guidelines for regulating human exposure to whole-body vibration for industrial 

occupations, such as by International Organization for Standardization (ISO) 2631 and British 

Standard 6841, may not be effective measures even in occupational situations (Ahn, Griffin 2008, 

Hill, Desmoulin et al. 2009, Seidel, Heide 1986 b, Sandover 1997, Sandover 1998 b).  Thus, their 

reliability for assessing wheelchair performance may be questionable.  Therefore, until further 

research is performed finding conclusive evidence for comfort level and the onset of injury due to 
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vibrations, it has been recommended to reduce whole-body vibration exposure to the lowest 

possible level (Lings, Leboeuf-Yde 2000, Sandover 1997).  For that reason, wheelchair and 

suspension systems should be designed to minimize peak accelerations and shift or attenuate 

frequencies in the resonant frequency range of humans.  

 

When suspension systems are tested there are generally three main issues considered: loading 

conditions, occupant model, and vibration analysis.   Loading conditions encompass driving 

speed (Wolf, Cooper et al. 2007, Wolf, Pearlman et al. 2005) and the surface a wheelchair 

traverses (Hostens, Papaioannou et al. 2003, Wolf, Cooper et al. 2007, Wolf, Pearlman et al. 

2005).  When evaluating wheelchair suspension systems, Cooper et al. (2003) used a smooth 

double drum test method; Kwarciak et al. (2008) used three curb descent heights, as curb 

descents are used in the American National Standards Institute(ANSI) and the Rehabiliation 

Engineering and Assistive Technology Society of North America’s (RESNA) fatigue testing 

standards as well as in other studies of wheelchairs and their components.  Requejo et al. (2008) 

developed a vibration simulator that applied small but frequent bumps to the rear wheels, and 

Hostens et al.(2003) performed field tests on asphalt and uneven paved road surfaces, in addition 

to electro-hydraulic vibration platform tests.   

 

Kwarciak et al. (2008), Requejo et al. (2008), and Hostens et al.(2003) studied human wheelchair 

subjects, while Cooper et al. (2003) and Hostens et al.(2003) used dummies as their wheelchair 

occupants.  Biological variation is considerable, thus if human subjects are to be used, a control 



 

23 

 

for body mass is needed to compare different suspension designs.  Furthermore, humans have 

varying muscle function, spasticity, and movements which could affect the data.  When a dummy 

is used for testing it allows the seat/occupant measurement accelerometers to be located under the 

dummy at the seat.  While with human subject tests the seat/occupant interface accelerometers 

must be placed below a cushion to prevent injury.  This is particularly important because cushions 

are critical components in the vibration pathway and alter vibration and acceleration outcomes 

(DiGiovine, Cooper et al. 2003).     

 

ISO 2631-1(Mechanical vibration and shock - Evaluation of human exposure to whole-body 

vibration - Part 1: General requirements. ISO 2631-1. 1997) states that for vibration 

measurements “Transducers shall be located so as to indicate the vibration at the interface 

between the human body and the source of its vibration.”  Cooper et al. (2003) collected tri-axial 

acceleration data on the seat below a foam cushion and at the footrests.  Kwarciak et al. (2008) 

collected wheelchair orientation and vertical acceleration data from under the seat the cushion.  

Requejo et al. (2008) placed accelerometers on a bicycle helmet worn by test subjects, on the seat 

frame, and on a hub of a wheel, in addition to instrumenting the wheelchairs with load cells at 

various locations.  Hostens et al. (2003) collected data under the suspension next to the 

wheelbase, immediately above the suspension, directly under the seat cushion, and on the chest of 

the driver.   
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Time and frequency domain analyses have been carried out to analyze the vibrations a wheelchair 

user experiences.  Cooper et al. (2003) calculated the resultant acceleration data for both the seat 

and the footrests before performing multiple analyses: peak acceleration; Fast Fourier Transform 

(FFT); and power spectral density (PSD) using ISO 2631 octaves.  Kwarciak et al. (2008) 

evaluated peak seat accelerations and weighted peak seat accelerations.  Requejo et al. (2008) 

analyzed peak accelerations and peak forces.  Hostens et al. (2003) performed both time and 

frequency domain analyses on their field tests and carried out PSD analyses on a vibration 

platform test in which the transfer and coherence functions were extracted.  

 

The objective of this study was to design a testing apparatus that can simulate a wide variety of 

test conditions.  Currently, standards use uniform test conditions to focus on safety and durability.  

However, suspension design optimization is affected by different users and environments.  This 

study focused on simulating a curb like obstacle drop test using varied Indian population mass 

anthropometry.   
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3.3 Apparatus 

 

3.3.1 Loading Method 

Testing was performed on a versatile apparatus shown in Figure 3.3.1 and fully described in 

Appendix B.  It consists of a frame, with vibration dampening adjustable feet secured to the floor, 

and instrumented with an adjustable-speed 1 hp motor.  A central chain drives two 20.32 cm 

diameter drums, each of which can be modified to include a variety of obstacles.  The obstacles in 

this study were wooden, secured using clamps, and shaped like ramps - with drop off edge 

heights of 5-cm above the drums (Figure 3.3.1 A).  This geometry was based on common sized 

obstacles in the terrain observed in rural India (Wyss and Restorick, 2007).  The frame also held 

the front caster of the wheelchair in place, restricting yaw but allowing for roll and pitch motion 

of the wheelchair (Figure 3.3.1 - B). 

 

A simulated speed of 0.19 m/s was used (Appendix C).  Ground speeds of 0.85-1.5 m/s as well as 

self selected speeds have been used to test wheelchairs on a small bump of 0.9525 cm (Requejo, 

Kerdanyan et al. 2008).  Since this study used a larger 5 cm obstacle a slower speed was selected 

that is consistent with field studies of wheelchair users in peri-urban El Salvador (Bryant 2009). 
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Figure 3.3.1. A) wheelchair testing system– centrally driving chain and drums with 
obstacles with the B) chain/gear safety cover removed; C) caster holder; D) vibration 

dampening adjustable foot; E) vibration dampening feet at the corners of the apparatus 
were secured by wooden blocks screwed into the floor so to prevent side to side, and up and 

down motion of the frame 

 

 

3.3.2 Occupant Model 

An adjustable mass dummy was designed to be secured to the wheelchair using straps.  The fixed 

mass portion of the dummy was fabricated by using a plaster and rock mixture to fill the legs and 

half the buttock of a hollow fiberglass mannequin (Figure 3.3.2 - A).  The adjustable mass portion 

of the dummy was generated by fitting the mannequin waist with an external weight holder 

(Figure 3.3.2 - B).  Weights were added to the fixed mass dummy in order to replicate 5th and 50th 

percentile Indian population mass dummies, 40.0 kg (40.27 kg actual) and 53.5 kg (54.51 kg 
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actual) respectively (Chakrabarti 1997).  (A detailed description of the fabrication process is 

provided in Appendix D.)   

 

 
Figure 3.3.2. Secured dummy: A) fixed mass; B) adjustable mass weight holder 

 
 
 

3.3.3 Vibration Analysis 

The orientation of coordinate axes was based on Sanders, McCormick (1993).  The inside of the 

dummy, at the base of the buttocks, was instrumented with three Brüel & Kjær 4333 piezoelectric 

accelerometers (with lower frequency limits of 2 Hz) oriented in the z-axis: (+) headward / (-) 

footward; x-axis: (+) forward / (-) backward; and y-axis: (+) right / (-) left directions.  (The 

instrumentation is fully detailed in Appendix C).   

B

A
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By having the accelerometers at the surface of interaction with the seat (in the buttocks of the 

dummy), the vibration contributed by the seat, and not just the vibration transmitted from the 

suspension system are experienced by the accelerometers.  Typically, vibrations experienced by a 

wheelchair occupant at the seat interface neglects the effect of the seat the occupant is seating on, 

because accelerometers are placed on the seat below a cushion.  Cushions have been shown to 

play a role in the vibrations a wheelchair user experiences (DiGiovine, Cooper et al. 2003).   

 

Data were collected at a rate of 1000 Hz in order to obtain high resolution acceleration – time 

graphs (Appendix E), in which clear peaks were discernible.  Power Spectral Density (PSD), Fast 

Fourier Transform (FFT), and peak acceleration analyses were used to assess the intensity and 

range of frequencies of vibrations transmitted to the occupant model.  Of particular concern is 

whole-body vibration frequencies located near the natural resonant frequency of seated humans 

(4-12 Hz).  

 

A time domain peak acceleration analysis (acceleration amplitude (g) vs. time (s)) is used to 

measure the intensity of acceleration experienced during infrequent shock exposure.  Fast Fourier 

Transform (FFT) and Power Spectral Density (PSD), frequency domain analyses, plots provide 

graphic information on the intensity and in what frequency region vibrations are present.  FFT 

analysis (acceleration amplitude (g) vs. frequency (Hz)) is a good measure for oscillation and 

shock vibrations.  PSD analysis (power amplitude (g²/Hz) vs. frequency (Hz)) is considered a 
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good measure of frequency for random vibration in addition to oscillation and shock vibrations 

(which this study examines).   

 

When evaluating random vibration, acceleration (FFT analysis measure) is not generally suitable 

as oscillations vary randomly in terms of frequency and intensity (Sanders, McCormick 1993).  In 

order to deal with this variability, the frequency spectrum is specified by mean-square spectral 

density and expressed as a PSD.  PSD describes the power of the acceleration at discrete 

frequencies (Harris 1988).  In addition, pilot studies of single perturbations of the system found 

that PSD analysis was a good measure of low intensity oscillations that were difficult to isolate in 

FFT analyses.  

 

3.3.4 Wheelchair Tested 

This research was based on Catana’s (2005) study of an appropriate technology mobility device 

for people in low income countries, specifically India.  Catana’s working model mobility device 

prototype, built to test and aid in the improvement of her final design, was used for this project.  

The mass of the wheelchair was 14.5 kg.  For this study Catana’s mobility device prototype was 

instrumented with a crude spring suspension system (Figure 3.3.3).  The combined stiffness of the 

springs was approximately 24 kN/m. 
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Figure 3.3.3. Custom prototype spring suspension added to Catana's GADI 2004 working 
model mobility device 
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3.3.5 Overall Testing Setup 

The full testing setup is illustrated together in Figure 3.3.4, it consisted of: the testing apparatus, 

Catana's GADI 2004 working model mobility device instrumented with a crude suspension 

prototype, the dummy strapped in, and the data collection system. 

 

 

 
Figure 3.3.4. Full testing setup: testing apparatus, wheelchair, dummy strapped in, and data 

collection system 
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3.4 Method 

 

Two studies were undertaken in order to determine the performance of the system.  A 

reproducibility study, using the 5th percentile dummy, provided estimates of the precision of the 

measurements.  It was advantageous to determine the optimal sensitivity of the system, thus the 

5th percentile dummy was chosen for this study because the pilot study showed it had a higher 

repeatability (a lower bound of variation between mean values for each analysis) versus higher 

percentile India population masses.  A high mass study, using the 50th percentile dummy, was 

undertaken to evaluate changes in measurements expected with an increase in mass when all 

other variables were held constant.   

 

Estimates for precision were based on a test repeated six times. Three tests were done on one day 

(Tests I, II, and III) and three on a separate day (Tests IV, V, and VI).  One test was repeated 

three times on the same day for the high mass study (Tests i, ii, and iii).  In each test, the dummy 

was first positioned and secured to the wheelchair, the wheelchair ground speed was set to an 

equivalent of 0.19 m/s ± 5% (drum speed 18 RPM = 0.3 Hz), and data were collected for 31 

seconds (approximately 10 obstacle cycles).     

 

The frequency spectral PSD and FFT analyses were computed using commercial software 

(FRDOM Version 1.0, 1995, R.J. Anderson Engineering Analysis).  These were performed at a 



 

33 

 

rate of 250 Hz, which was 2.5 times higher than the cut off frequency, and evaluated 28.7 seconds 

of the collected data using a rectangular window.   

 

In order to evaluate maximum values of acceleration, it was necessary to average the peaks from 

multiple impacts during each test.  These were determined from the acceleration-time data using a 

custom program in MATLAB 2007® (Appendix F).  The average peak accelerations in each 

direction and their corresponding standard deviations were used as measured values obtained for 

each test. 

 

 

3.5 Results 

 

3.5.1 Reproducibility Study 

Three analyses were performed in the reproducibility study on the 5th percentile dummy: PSD, 

FFT, and peak acceleration. 

 



 

34 

 

PSD 

The PSD analysis revealed the resonant frequencies in the z-axis of 2.93 Hz and 5.37 Hz.  Figure 

3.5.1 illustrates that in the z-axis the mean amplitude of six tests was: 0.039 ± 0.010 g2/Hz for 

Peak 1 at 2.93 Hz, and 0.027 ± 0.004 g2/Hz for Peak 2 at 5.37 Hz.    

 

 

 

Figure 3.5.1. Reproducibility study z-axis mean PSD plot: Amplitude vs. Frequency 

 

 

Similar results were found in the x-axis and y-axis as shown in Table 3.1, however only one peak 

was present in the y-direction.  The amplitude standard deviation of each resonant frequency 

between tests ranged from 3.90E-4 for Peak 1 in the y-axis to 0.021 for Peak 1 in the x-axis.  
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Note that the intensities of the frequencies in the y-axis were small; hence there was considerable 

noise present in the signal.  As such, peaks below 0.001 g2/Hz were ignored. 

 

Table 3.1.  Amplitude of the PSD resonant frequencies in the reproducibility study.  
Amplitude data presented as: mean (SD) 

 

 

The data in Table 3.1 can be used to determine the minimum difference in PSD intensity that can 

be detected at a specific peak.  In statistical terms this is sometimes called the effect size, e, and 

defines the minimum observable effect of a change between two test conditions.  This is 

important from a design point of view because it indicates how sensitive the measurement system 

is to performance changes in the vibration characteristics of the system.  For example, the second 

peak in the z-axis, 5.37 Hz, is a frequency within the 4-12 Hz human resonant frequency range.  

This peak has a mean of 0.027 ± 0.004 g2/Hz over six samples.  

 

The effect size can be calculated from: 

Equation 3.1          ࢋ ൌ  
࢚ ·࣌

࢔√
 

 

   X  Y Z 

Peak 
Frequency 

(Hz) 
Amplitude 
(g2/Hz) 

Frequency 
(Hz) 

Amplitude 
(g2/Hz) 

Frequency 
(Hz) 

Amplitude 
(g2/Hz) 

1  2.93  0.127 (0.021)  2.93  0.001 (3.90E‐4)  2.93  0.039 (0.010) 

2  5.37  0.015 (0.002)  ‐  ‐  5.37  0.027 (0.004) 
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Where, e = effect size; t = student t value at p = 0.05; σ = standard deviation; n = sample size. 

Assuming a normal distribution, t = 2.015 for 5 degrees of freedom results in:  

 

ࢋ ൌ  
૛.૙૚૞ ·૙.૙૙૝ ࢍ

૛

ࢠࡴ

√૟
ൌ ૙. ૙૙૜ 

૛ࢍ

ࢠࡴ
 , or 11.1 % of the mean for this measurement. 

 

It is not known whether such a small difference in the level of intensity has biomechanical 

significance because conclusive evidence for comfort level and the onset of injury due to 

vibrations has yet to be determined (Lings, Leboeuf-Yde 2000, Sandover 1997).  Fewer trials 

could be performed if larger effect sizes were appropriate.  For example, it can be estimated that 

three trials could detect an effect size (t = 2.920, p = 0.05, n = 3) of 0.007 g2/Hz in the second 

peak, or 25.9% of the mean value. 

 

FFT 

The FFT analysis resulted in resonant frequencies of 2.93 Hz and 5.37 Hz in the z-axis as seen in 

Figure 3.5.2.  As expected, these resonant frequencies were the same as those found using PSD 

analysis.  As shown in Table 3.2 the z-axis the mean amplitude of six tests was: 0.124 ± 0.018 g 

for Peak 1 at 2.93 Hz, and 0.104 ± 0.008 g for Peak 2 at 5.37 Hz.  Similar results were found in 

the x- and y-axes. 
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Figure 3.5.2. Reproducibility study z-axis mean FFT plot: Amplitude vs. Frequency with 
one SD error bars at the resonant frequencies 

 

 

 

Table 3.2. Amplitude of the reproducibility study FFT resonant frequencies.  Amplitude 
data presented as: mean (SD) 

 

 

 

The standard deviation of the peaks for each resonant frequency between tests was low, ranging 

from 0.004 g for Peak 1 in the y-axis to 0.019 g for Peak 1 in the x-axis (Table 3.2).  FFT analysis 

results in the mean for the second peak in the z-axis (Table 3.2) having an effect size of 0.007 g, 

(6.7% of the mean) with six samples and 0.013 g (12.5% of the mean) with three samples. 
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   X  Y  Z 

Peak 
Frequency 

(Hz) 
Amplitude 

(g) 
Frequency 

(Hz) 
Amplitude 

(g) 
Frequency 

(Hz) 
Amplitude 

(g) 

1  2.93  0.235 (0.019) 2.93  0.023 (0.004) 2.93  0.124 (0.018)

2  5.37  0.081 (0.006)  ‐  ‐   5.37  0.104 (0.008)
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Peak Acceleration 

The acceleration vs. time graphs revealed distinct impulses, each of which had a positive and 

negative peak.  Each impulse corresponded to the wheelchair system passing over an obstacle on 

the testing apparatus.  The wheelchair system passed over the obstacles multiple times during 

each test (Figure 3.5.3).  Similar results to Figure 3.5.3 were seen in each test (Test I-VI), and in 

each axis (x, y, and z).  

 

a)  b)   

Figure 3.5.3: Reproducibility study z-axis time domain plot – Test I: Acceleration vs. Time. 
a) multiple obstacle impacts; b) one obstacle impact 

 

 

Each test experienced ten impulses with both positive and negative peaks.  For each test the ten 

positive peaks were averaged to find the mean positive peak acceleration value, and the ten 

negative peaks were averaged to find the mean negative peak acceleration value.  Averaging over 

multiple obstacle impulses reduced the mean peak acceleration uncertainty within a test.  The 

Time (s) x 104
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standard deviation of the within-test peak accelerations was low, as indicted by the error bars on 

Figure 3.5.4 for the positive z-direction, and ranged from 0.012 g to 0.116 g across all tests and 

directions. 

 

 

Figure 3.5.4. Reproducibility study mean positive z-direction peak acceleration plot: Peak 
Acceleration vs. Test.  One SD error bars on Tests I-VI represent the within test SD.  The 

one SD error bar on the Mean of All tests represents between tests SD 

 

 

As shown in Table 3.3, the standard deviations of the mean peak accelerations ranged from 0.017 

g (in the left direction) and 0.089 g (in the right direction), with an average value of 0.051 g.  The 

standard deviation of the mean peak accelerations between all tests (Test I to Test VI) was 

comparable to the standard deviation of the peak accelerations within a single test.  Since 

standard deviation was small for peak accelerations within each test, and for mean peak 

accelerations between all tests, the variance is low.  The standard deviation of the mean peak 
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accelerations between all tests was slightly greater than the standard deviation of peak 

accelerations within a test, and as a result is the larger source of variation for this methodology.   

 

Table 3.3. Peak accelerations of the 5th percentile mass dummy system:  Data presented as -

mean (SD). 

 

 

The peak acceleration in the headward direction (Table 3.3) has an effect size of 0.030 g (6.0% of 

the mean) for six samples and an effect size of 0.062 g (12.3% of the mean) for three samples. 

 

3.5.2 High Mass Study 

In the high mass study, a 50th percentile dummy was used and the results compared to those from 

the 5th percentile dummy in the reproducibility study of Section 3.5.1.  Three repeated tests were 

performed and PSD, FFT, and peak acceleration analyses were undertaken to determine whether 

the trends in measured values corresponded to expected differences with the increased mass. 

 

Peak Acceleration (g)

X  Y Z 

Forward  Backward  Right  Left  Headward  Footward 

1.002 (0.044)  ‐0.564 (0.054)  0.366 (0.089) ‐0.178 (0.017) 0.506 (0.037)  ‐0.925 (0.067) 
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PSD 

In order to compare the PSD results of the higher 50th percentile mass system to the lower 5th 

percentile mass system, the results of the lower mass from the previous study are included in 

Figure 3.5.5.  New resonant frequency peak values were apparent for the 50th percentile mass 

system of 2.44 Hz and 4.88 Hz (Table 3.4).  Interestingly, the z-axis mean amplitude was lower at 

Peak 1: 0.016 ± 0.004 g2/Hz, and higher at Peak 2: 0.078 ± 0.019 g2/Hz.  Similar peak resonant 

frequency changes were found in the x- and y- axes. 

 

 
Figure 3.5.5. High mass and reproducibility studies z-axis mean PSD plots:  Amplitude vs. 

Frequency with 1 SD error bars at the resonant frequencies 
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Table 3.4. Amplitude of the high mass study PSD resonant frequencies.  Amplitude data 
presented as - mean (SD) 
 

 

The PSD analysis resulted in the mean amplitude, of the second peak in the z-axis having an 

effect size of 0.032 g2/Hz (41.0% of the mean).  This effect size was 1.6 times higher than that 

estimated for the 5th percentile with three samples.   

 

FFT 

In order to compare the FTT results of the higher 50th percentile mass system to the lower 5th 

percentile mass system the results of the lower mass from the previous study are included in 

Figure 3.5.6.  The new resonant frequency peak values for the 50th percentile dummy system 

found with a PSD analysis of 2.44 Hz and 4.88 Hz (Figure 3.5.6) were also found with the FFT 

analysis, as expected.  The z-axis mean amplitude was lower at Peak 1: 0.079 ± 0.011 g, and 

higher at Peak 2: 0.177 ± 0.022 g (Figure 3.5.6).  Similar results were found in the x and y axes 

(Table 3.5). 

 

 

   X  Y Z 

Peak 
Frequency 

(Hz) 
Amplitude 
(g2/Hz) 

Frequency 
(Hz) 

Amplitude 
(g2/Hz) 

Frequency 
(Hz) 

Amplitude 
(g2/Hz) 

1  2.44  0.037 (0.003)  1.71  0.002 (4.61E‐4) 2.44  0.016 (0.004) 

2  4.88  0.038 (0.010)  ‐  ‐  4.88  0.078 (0.019) 
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Figure 3.5.6. High mass and reproducibility studies z-axis mean FFT plots: Amplitude vs. 
Frequency with 1 SD error bars at the resonant frequencies 

 

 

 

Table 3.5. Amplitude of the high mass study FFT resonant frequencies. Data presented as - 
mean (SD) 

 

 

 

FFT analysis suggested that a difference in the mean amplitude, of the second peak in the z-axis 

can be detected with an effect size of 0.037 g (20.9% of the mean).  This effect size is 1.7 times 

higher than that estimated for the 5th percentile dummy with three samples. 

X  Y Z 

Peak 
Frequency 

(Hz) 
Amplitude 

(g) 
Frequency 

(Hz) 
Amplitude 

(g) 
Frequency 

(Hz) 
Amplitude 

(g) 

1  2.44  0.127 (0.006) 1.71  0.031 (0.003) 2.44  0.079 (0.011)

2  4.88  0.129 (0.016) ‐  ‐  4.88  0.177 (0.022)
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The reproducibility study was undertaken on the 5th percentile dummy, while the high mass study 

was undertaken on the 50th percentile dummy where a test was repeated three times.  If the system 

in the z-axis were modeled as a single degree of freedom mass and spring system with a constant 

stiffness the resonant frequency, fn, is proportional to m-1/2, where m is the mass of the system.  

This would predict a frequency ratio of (54.77 kg / 69.01 kg) -1/2 = 1.12 for the low mass vs. the 

high mass respectively.  The first and second peak frequencies resulted in frequency ratios of 1.20 

and 1.10 respectively in the z-axis.  Interestingly, the same ratios held in the x-axis, but not in the 

y-axis which is possibly due to the mechanical complexities of the system. 

  

Peak Acceleration 

The high mass study used the heavier 50th percentile dummy secured to the wheelchair. This 

caused the impact acceleration peaks, in acceleration vs. time plots, to be more defined and of 

larger amplitudes than the 5th percentile dummy (Figure 3.5.7).   
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a-i)   b-ii)  
 

a-ii) b-ii)  

Figure 3.5.7. z-axis time domain plot - Test I: Acceleration vs. Time. a) 50th percentile 
dummy; b) 5th percentile dummy; i) multiple obstacle impacts; ii) one obstacle impact 

 

 

The mean peak accelerations experienced over the three Tests (i, ii, and iii) for the 50th percentile 

mass dummy are found in Table 3.6.  The peak acceleration increased in each direction except in 

the forward direction in which the peak acceleration decreased. 

 

Time (s) x 104
 

Time (s) x 104
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Table 3.6. 50th percentile dummy system peak accelerations. Data presented as - mean (SD) 

 

 

 

In the headward direction, the peak acceleration analysis observed a mean peak acceleration 

effect size of 0.110 g (16.9% of the mean).  This effect size is 1.4 times higher than that estimated 

for the 5th percentile with three samples. 

 

 

3.6 Discussion 

 

Due to injuries that can result from high intensity accelerations (shocks) and high intensity whole-

body vibration, particularly near the natural frequency of seated humans (4-12 Hz), it is important 

to be able to identify:  reductions/increases in acceleration intensity; attenuations/amplifications 

of frequency intensity; and a shift of frequency outside of the range of resonant frequencies of 

humans.  This study focused on simulating a curb-like obstacle drop test with varied Indian 

population mass anthropometry, using a testing apparatus that can simulate a wide variety of test 

conditions.  A reproducibility study was undertaken on a 5th percentile Indian mass dummy, in 

which a test was repeated six times; and a high mass study was undertaken on the 50th percentile 

Peak Acceleration (g) 

X  Y Z 

Forward  Backward  Right  Left  Headward  Footward 

0.747 (0.006)  ‐0.658 (0.040)  0.823 (0.018)  ‐0.702 (0.042)  0.649 (0.065)  ‐1.088 (0.063) 
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dummy, in which a test was repeated three times.  Each study had three analyses performed on it: 

two frequency domain - PSD and FFT, and one time domain - peak acceleration. 

 

3.6.1 Frequency Domain Analysis: PSD and FFT 

This testing methodology was able to detect and measure resonant frequencies and their 

intensities with either PSD or FFT analyses.  The reproducibility and high mass studies PSD and 

FFT analyses detected the resonant frequencies experienced by the dummy to be between 2-6 Hz, 

which is near the 4-12 Hz resonant frequency range of seated humans.  In the high mass study, 

which used the 50th percentile dummy, PSD and FFT analyses were able to detect a change in 

frequency values and intensities when compared to the reproducibility study, which used a 5th 

percentile dummy.  Furthermore, when the system was modeled as a single degree of freedom 

mass and spring system with a constant stiffness in the z-axis, the resonant frequencies 

corresponded to values predicted by the ratio of the masses.  Consequently, this methodology can 

be used to tune a wheelchair system suspension design by determining whether a design is able to 

attenuate and/or shift the resonant frequencies, close to and within the 4-12 Hz seated human 

resonant frequency range.  

 

The FFT analysis was more sensitive than the PSD at determining the minimum difference, or 

effect size, in intensity that can be detected at a specific peak for both reproducibility and high 

mass studies.  Thus if repeated shock or oscillatory vibrations are being evaluated, it is possible 

that fewer tests would be needed for a given study if FFT analysis were to be used.  However, it 
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should be noted that a PSD analysis must be used if random vibration is to be studied and that the 

effect size, which defines the minimum observable effects between two conditions, varied when 

test conditions changed for both PSD and FFT analyses.  As such, the effect size must be 

evaluated for each test condition studied. 

 

3.6.2 Time Domain Analysis: Peak Acceleration 

This testing methodology was able to detect and measure peak accelerations and their intensities.  

In the reproducibility and high mass studies, no direction experienced acceleration greater than 

approximately 1 g.  The forward (x-axis) and footward (z-axis) directions had the largest 

accelerations for the reproducibility and high mass studies respectively.  Consequently, this 

methodology is able to be used to tune a wheelchair suspension design by elucidating whether a 

design is able to reduce peak accelerations experienced by the wheelchair occupant 

 

The peak acceleration effect size was the most sensitive of all analyses and thus it is possible that 

it will require the least number of tests to obtain p = 0.05 for a given study.  Furthermore, the 

effect size changed when test conditions changed, thus effect size must be evaluated for each test 

condition studied when using peak acceleration analysis. 
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3.7 Conclusion 

 

This study focused on simulating a curb like obstacle drop test with varied Indian population 

mass anthropometry, using a testing apparatus that can simulate a wide variety of test conditions.  

This methodology was able to detect acceleration amplitude and frequency intensity differences 

experienced by the dummy wheelchair occupant.  The effect size, which is the minimum 

observable effect of change between two test conditions, ranged from 6.0% for peak acceleration 

when using six tests and the 5th percentile dummy; to 41.0% for PSD analysis when using three 

tests and the 50th percentile dummy.  Thus, this methodology can be used to tune a wheelchair 

system suspension design by elucidating whether a design is able to reduce accelerations and 

attenuate or shift the resonant frequencies within the critical 4-12 Hz seated human resonant 

frequency range.  A wheelchair suspension system which reduces acceleration, and attenuates 

and/or shifts natural frequencies a wheelchair user experiences may make it possible to reduce the 

rate of fatigue and injury in addition to increasing comfort and activity.  
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Chapter 4 

General Discussion and Limitations 

 

 

 

This general discussion contains an in depth discussion of peak accelerations, the physical model 

of the system, the test methodology and general limitations of the study. 

 

4.1 Peak Accelerations  

 

In Figure 3.5.3b, a single-obstacle impact acceleration vs. time graph was presented for the 5th 

percentile dummy in the z-axis.  The graph starts with tapering accelerations from the previous 

impact.  The first acceleration peak experienced by the dummy that was larger than the tapering 

oscillations was a positive 0.2 g (Table 3.3), in the headward direction, near 1 second in Figure 

3.5.3 b.  This peak was most likely due to the wheelchair making contact with the ramp portion of 

the obstacle.  Next, around 1.25 seconds in Figure 3.5.3 b the largest overall peak experienced by 

the dummy occurred after the wheelchair dummy system went over the obstacle and was falling 

towards the drums of the apparatus.  A downward acceleration in the footward direction of 

approximately 1 g (Table 3.3) was produced.   This is reasonable since the system is likely in free 

fall.  Finally, the peak acceleration experienced by the dummy in the headward direction, of 
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approximately 0.5 g (Table 3.3), occurred when the wheelchair impacted the drums just before 

1.5 seconds in Figure 3.5.3 b.  Interestingly, the accelerations in the backward and forward 

directions (x-axis) are of similar amplitudes respectively (Table 3.3).  In the x-axis the positive 

and negative peaks both are a result of a change in the wheelchair system frame position as it is 

rotated around the caster holder.  In the y-axis, movement from right to left was physically 

observed during testing.  Accordingly, accelerations in the y-axis were present.  The motion in the 

y-axis was most likely due to: the asymmetry of the wheelchair - created by the addition of a 

prototype suspension system that the wheelchair was not originally designed to incorporate; and 

the lack of lateral stabilization in the suspension system. 

 

 

4.2 Physical Model 

 

The physical model for this system needs further consideration.  For example the frequency shift 

that occurred when the mass was increased from the 5th percentile dummy to the 50th percentile 

dummy was reasonably explained by change of mass ratio in Section 3.5.2.  However, the 

changes of peak accelerations are not as simple to predict by estimating the spring deflections that 

occur when the mass is varied.  For example spring deflections in the z-axis, when estimated 

using energy conservation, predict larger accelerations than those observed during testing.  
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If the wheelchair and dummy are dropped from a height, h, then the spring deflection can be 

estimated by equating the gravitational potential energy to the elastic potential energy of the 

spring at its maximum deflection, x. Thus: 

 

Equation 4.1    ࢞ ൌ ට૛ࢎࢍ࢓

࢑
  

 

Where, ݔ ൌ ݉ ;݊݋݅ݐ݈݂ܿ݁݁݀ ݃݊݅ݎ݌ݏ ൌ ௪௛௘௘௟௖௛௔௜௥ݏݏܽ݉ ൅ ݃ ;ௗ௨௠௠௬ݏݏܽ݉ ൌ 9.8 ೘
ೞమ;  

h ൌ height of the curb drop; k ൌ spring stiffness 

 

 

ହ௧௛ ௣௘௥௖௘௡௧௜௟௘ݔ ൌ ඨ
ଶ ·ହସ.଻଻ ௞௚· ଽ.଼ ೘

ೞమ· ଴.଴ହ ௠

ଶଷ଺଻ଽ ಿ
೘

ൌ 0.048 ݉ ; 

ହ଴௧௛ ௣௘௥௖௘௡௧௜௟௘ݔ ൌ ඨ
ଶ ·଺ଽ.଴ଵ ௞௚· ଽ.଼ ೘

ೞమ· ଴.଴ହ ௠

ଶଷ଺଻ଽ ಿ
೘

ൌ 0.053 ݉ 

 

The spring deflection calculations are consistent with the testing observations such that the larger 

mass study produced larger deflections in the springs.  However the magnitudes of these 

defections (approximately 0.05 m) approach the closed height of the springs, which was not 

observed during testing. 
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These deflections can be used to predict corresponding peak accelerations, such that:   

 

Equation 4.2      ܉ ൌ
 ܠܓ

܏ܕ
 

 

Where, ܽ ൌ ;݃ ݊݅ ݊݋݅ݐܽݎ݈݁݁ܿܿܽ ݇ܽ݁݌ ݊ܽ݁݉  ݇ ൌ ;ݏݏ݂݂݁݊݅ݐݏ ݃݊݅ݎ݌ݏ  ݔ  ൌ  ;݊݋݅ݐ݈݂ܿ݁݁݀ ݃݊݅ݎ݌ݏ

݉ ൌ ௪௛௘௘௟௖௛௔௜௥ݏݏܽ݉ ൅ ݃ ;ௗ௨௠௠௬ݏݏܽ݉ ൌ 9.8 ೘
ೞమ 

 

ܽହ௧௛ ௣௘௥௖௘௡௧௜௟௘ ൌ
ଶଷ଺଻ଽ ಿ

೘ ·଴.଴ସ଼௠

ହସ.଻଻ ௞௚·ଽ.଼
೘
ೞమ

 = 2.12 g 

ܽହ଴௧௛ ௣௘௥௖௘௡௧௜௟௘ ൌ
ଶଷ଺଻ଽ ಿ

೘ ·଴.଴ସ଼௠

଺ଽ.଴ଵ ௞௚·ଽ.଼
೘
ೞమ

 = 1.69 g 

 

 

The 5th and 50th percentile accelerations observed during testing, 0.506 g (Table 3.3) and 0.649 g 

(Table 3.6) respectively, were lower than those predicted by energy conservation.  As such, the 

system is not likely modeled as a conservative single degree of freedom mass and spring system 

with a constant stiffness in the z-axis.  This may be due to complexities such as the viscoelastic 

behaviour of the system, nonlinearities in mechanical properties of the canvas seat, mass 

distribution effects, and kinematic effects associated with rigid body dynamics.   
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Since two resonant frequencies were observed, the system displayed two degrees of freedom.  

The first resonant frequency, near 3 Hz (Table 3.1), was most likely due to the spring stiffness; if 

the system is modeled as a single degree of freedom mass and spring system in the z-axis with a 

constant stiffness, the resonant frequency is predicted to be near 3 Hz. 

 

Equation 4.3    ࢔ࢌ ૞࢚ࢋ࢒࢏࢚࢔ࢋࢉ࢘ࢋ࢖ ࢎ ൌ
૚

૛࣊
ට ࢑

 ࢓
 

 

Where, ௡݂  = the resonant frequency; k = stiffness of the spring system; ݉ ൌ ௪௛௘௘௟௖௛௔௜௥ݏݏܽ݉ ൅

 ௗ௨௠௠௬ݏݏܽ݉

 

௡݂ ହ௧௛ ௣௘௥௖௘௡௧௜௟௘ ൌ
1

ߨ2
ඨ

24 ݇ܰ
54.77 ݇݃

ൌ  ݖܪ 3.3

 

 

 

The second resonant frequency was around 6 Hz.  This frequency is consistent with the motion of 

the unsprung mass, called wheel hop, a phenomenon which is observed in the study of vehicle 

dynamics.  Wheel hop is determined by the unsprung mass and tire stiffness of a vehicle system, 

and results in a frequency near 10 Hz (Sharp, Crolla 1987). 

 

In addition, the wheels may not simply drop off of the edge of the curb but possibly roll down 

part of it before dropping.  A possible way to solve the problem of the wheels rolling down the 

obstacle, instead of dropping off as desired, could be to increase the testing speed such that the 
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obstacle moves too quickly for the wheels to roll down it and the wheels must drop off the edge.  

This was the case when a pilot study video of a higher test speed was reviewed.   To verify that 

the kinematic constraints of the test are consistent with field activities, motion analysis software 

could be used during pilot testing to obtain time-dependent, quantitative data of the motion of the 

wheelchair.  

 

If after the kinematic constraints of the test are confirmed and the acceleration of the system still 

cannot be predicted, then a more complex physical model of the system will need to be 

determined if acceleration changes are to be predicted. 

 

 

4.3 Test Methodology 

 

This testing methodology allows for many test conditions to be simulated and analyzed.  For 

example, if infrequent shock exposure is to be assessed, the apparatus can be fitted with obstacles 

(such as in this study), and a peak acceleration (time domain) and a FFT or PSD (frequency 

domain) analysis can be performed.  If oscillatory vibration is to be evaluated, the testing 

apparatus can be fitted with a small or no obstacles, and frequency domain FFT or PSD analyses 

can be carried out.  If random vibration is to be assessed, the apparatus can be fitted with a 

gravel-like obstacle, and a PSD (frequency domain) analysis could be completed. 
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Additionally, this testing apparatus and methodology can aid in assessing design aspects that 

contribute to vibration performance such as road surface - tire contact, the frame, and the seat.   

 

The testing apparatus also has potential to function as a wheelchair fatigue testing device, by 

performing double-drum cycle tests - a standard wheelchair testing process set out by 

organizations like The International Organization for Standards (ISO), the American National 

Standards Institute (ANSI) and the Rehabilitation Engineering Assistive Technology Society of 

North America (RESNA).  Thus, it is possible that the testing apparatus may even be able to be 

adapted to perform other standard wheelchair tests as well.  However, the wheelchair testing 

processes and standards would need to be adapted to take into consideration the rugged terrain 

and usage of mobility devices in the location of intended use, such as India.   

 

Furthermore, although the dummy in this study had a stiffer structure than a human, it was not a 

concern when measuring peak accelerations or frequencies. 

“Our results indicate that no significant differences existed between the 2 dummies (a Hybrid III 
biofidelic dummy and an American National Standards Institute/Rehabilitation Engineering and 
Assistive Technology Society of North America wheelchair test dummy with a stiff structure) for 
peak accelerations and the frequencies at which they occurred.  There were significant differences 
in the vibration power for the octaves from 157 to 500 Hz; however, frequencies greater than 150 
Hz are far beyond those of interest for human vibration exposure.”  (Cooper et al. 2003) 
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4.4 Limitations 

 

The testing methodology may be limited to the range of conditions that can be generated by the 

adjustable apparatus and dummy; however a wide range of vibration simulation options are 

available to aid in the design of wheelchair suspension systems.   

 

1. A dummy is unable to react like a person does to approaching perturbation by 

preactivating innervated muscles (Seidel, Bluethner et al. 1986 a), and it is unable to 

actively partake in each propulsion stroke like a person does, which changes the forces 

incurred by the body (VanSickle et al. 2001).   

 

 

 

2. In the study, it is unknown if a person would be able to resist/stabilize themselves against 

being ejected forward off of the wheelchair when going over test sized obstacles.   Some 

patients would probably act similar to the dummy if they are paralyzed at a high level 

since “strapping” such individuals well into the wheelchair is obviously important.  In the 

future, a pilot test should be conducted prior to testing to see whether a person can 

prevent herself or himself from being thrown forward off the wheelchair when going over 

test sized obstacles.  If the person cannot prevent herself or himself from being thrown 
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forward, she or he may need to perform a “wheelie1” in order to stay in the wheelchair.  If 

a wheelie is found to be required, a modification should then be made to the height of the 

caster holder in order to hold the wheelchair system in a wheelie position during testing.  

It has been found that the effectiveness of a wheelchair suspension can be particularly 

affected by the angle the wheelchair impacts its landing surface (Kwarciak, Cooper et al. 

2008).   

 

3. Given that the front caster yaw motion was restricted, only the effects of the rear wheels 

passing over the obstacles were evaluated.  In real-world rugged outdoor terrain, 

vibration and acceleration measurements would include the input of the front caster going 

over obstacles (Cooper, Wolf et al. 2003).   

 

4. With the current dummy design, an increase in mass is only represented by adding weight 

to one area of the dummy, above its waist.  A possible improvement to the dummy design 

would be to more precisely distribute the weight of an increased mass percentile dummy.  

This could be done by creating or finding an anthropometric resource for the disabled 

population of interest that describes the mass of each body segment at each mass 

percentile.  This resource would provide insight into how much weight to add above the 

waist and to the legs of the dummy as the overall mass of the dummy increases.  A 

                                                      
1 A wheelie is a maneuver in which an occupant balances a wheelchair on its rear wheels.  It is 
accomplished by applying extreme torque to the rear wheels.  This maneuver is used to climb and descend 
curbs and move over small obstacles such as rocks and potholes. 
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similar study was completed in order to allow for testing of wheelchairs designed for 

obese individuals, it outlined a procedure for adding mass to the 100 kg ISO wheelchair 

test dummy (Cooper, O'Connor 1999).   

 

 

Although the test does not reproduce real-world conditions, it does provide controlled test 

conditions for measuring acceleration and vibration values which can as a result allow suspension 

systems of mobility aid devices to be tuned to reduce accelerations and vibrations a wheelchair 

occupant would experience. 
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Chapter 5 

Conclusions and Recommendations 

 

 

 

5.1 Summary 

 

Wheelchair users are exposed to whole-body vibrations, particularly when traversing rugged 

terrain such as in rural areas and less resourced countries.  Suspension systems have been added 

to wheelchair systems to protect occupants from secondary injuries associated with whole-body 

vibration.  Current suspension systems need to be further developed in order to optimize the 

protection against these secondary injuries.  Until further research finds conclusive evidence for 

comfort level, and the onset of injury due to vibrations, it has been recommended to reduce 

whole-body vibration exposure to the lowest possible level.  This study focused on simulating a 

curb-like obstacle drop test with varied Indian population mass anthropometry, using a testing 

apparatus that can simulate a wide variety of test conditions.  A novel adjustable mass dummy 

was instrumented with accelerometers to measure the accelerations and frequencies experienced 

by the wheelchair user. 
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5.2 Conclusions 

 

This methodology was able to detect acceleration amplitude and frequency intensity differences 

experienced by the dummy wheelchair occupant.  The effect size, which is the minimum 

observable effect of change between two test conditions, ranged from 6.0% for peak acceleration 

analysis when using six tests and the 5th percentile dummy; to 41.0% for PSD analysis when 

using three tests and the 50th percentile dummy.  Thus, this methodology can be used to tune a 

wheelchair system suspension design by elucidating whether or not a design is able to reduce 

accelerations, and attenuate and/or shift the resonant frequencies - close to and within the 4-12 Hz 

seated human resonant frequency range.  A wheelchair suspension system which reduces 

acceleration and attenuates and/or shifts natural frequencies may make it possible to reduce the 

rate of fatigue and injury in addition to increasing comfort and activity. 

 

The testing apparatus is adjustable and thus capable of reproducing many different test conditions 

to evaluate suspension systems.  Furthermore, the testing apparatus has potential uses in addition 

to suspension design.  For instance, it could be used to test additional design aspects of a 

wheelchair that contribute to resonant frequencies and the accelerations experienced by a 

wheelchair user such as the road surface - tire contact, the frame, and the seat.  In addition, it 

could be used to perform wheelchair fatigue testing in different conditions.   
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5.3 Recommendations 

 

It is recommended that testing apparatus and methodology from this study be used for 

optimization of future wheelchair suspension designs.  However, during a pilot study it should be 

verified that the kinematic constraints of the test are consistent with the field activities desired to 

be replicated, and whether a wheelchair occupant needs to perform a wheelie in order to stay in 

the wheelchair.  If a wheelie is found to be required, a modification should then be made to the 

height of the caster holder in order to hold the wheelchair system in a wheelie position during 

testing.  Additionally, it is recommended that the co-ordinate system be modified to reflect a 

more widely used right-handed co-ordinate system in which the coordinate axes are oriented 

perpendicularly to one other, such as the co-ordinate system used in the standard ISO 2631 

(1997).  

 

Based on preliminary physical observations and results, lateral stabilization should be evaluated 

in wheelchair suspension design.  Furthermore, suspension must be designed in conjunction with 

a number of other considerations such as manufacturing (cost, design feasibility, material 

availability) and, in particular, ergonomics.  For example, to reduce pelvic interface pressure and 

forward slippage of a wheelchair user the seat/backrest assembly needs to be tilted approximately 

15 degrees such that the seat/backrest assembly is rotated 15 degrees to the posterior. (Barclay 

2008-2009).   In addition, the backrest assembly should be reclined 10 degrees in relation to the 

seat assembly.  This configuration can reduce the pelvic interface pressure by 20-30%, hence 

aiding in the reduction of pressure sores.  Additionally, the seat width should be kept as narrow as 
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possible based on India anthropometrics in order to reduce the shoulder to drive rim moment and 

therefore prevent repetitive stress injuries to the shoulders of the wheelchair user (Barclay 2008-

2009).  Having room for wheelchair occupants to cross their legs is not recommended when a 

mobility device is intended for long range travelling rather than short range.  A number of 

additional resources such as field study reports from India and Nepal (Restorick and Wyss 2007), 

and the WHO’s “Guidelines on the provision of manual wheelchairs in less resourced settings” 

(Armstrong, Borg et al. 2008) are also available to improve these designs. 
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Appendix A 

An Overview of Design Changes Between the Long Range GADI 

 

 

Figure A. 1. Progression of outdoor, rugged terrain, mobility aid (Catana 2005 - Page 135)
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Appendix B 

Technical Drawings of the Testing Apparatus 
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Figure A. 2. Testing Apparatus Full Assembly - Isometric view 
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Figure A. 3. Testing apparatus frame drawing. 



 

74 

 

 

Figure A. 4. Shaft, gear, and pulley assembly drawing 
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Figure A. 5. Shaft, gear, and pulley assembly 
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Figure A. 6. Caster holder full assembly drawing 
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Figure A. 7. Caster holder base drawing 
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Figure A. 8. Caster holder connector assembly drawing 
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Figure A. 9. Motor, gear box, gear, and chain assembly drawing 
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Appendix C 

Data Collection System 

 

 

Figure A. 10. Data collection system: a) amplifiers; b) motor speed control; c) break out box 
- where amplifiers connect to DAQ system; d) lap top with DaqEZ professional software; e) 

tachometer; f) accelerometer calibrator 

 

Motor Speed Control 

A Leeson Speedmaster Motor Control was used to operate a 1 hp Leeson motor. 

 

Amplifiers 

3 Brüel & Kjær (B&K) Charge Amplifiers: Type 2635 

 

Breakout Box 

The custom breakout box housed the DAQ board and amplifier connectors, enabling the 

amplifiers to be commonly grounded before connecting to the DAQ board. 

 

a) 

b) 
c) 

d) e) 

f)
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NB: Despite the breakout box the data collection system was still affected by noise/interference 

present in the building during regular working hours thus, data had to be collected after 4:30 pm.  

Note the data were collected in the summer so the machine shop was closed by 4:30 pm and the 

majority of people in the building had also left the building. 

 

 

Data Acquisition Software 

DaqEZ Professional Software was run on a PC laptop. 

 

 

Tachometer 

A Hecon TM-1001 digital tachometer was used to confirm the speed of the axle/drums by placing 

its cone shaped end into a specifically drilled hole at the end of the main drive shaft (Figure A. 

11).  This speed was used to calculate the ground speed of the wheelchair (See Appendix E).  

 

 

Figure A. 11. Tachometer calculating axle/drum speed 

 

 

Accelerometers 

Three  4333 Brüel & Kjær piezoelectric accelerometers 
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Accelerometer Calibration 

Before the accelerometers were placed in the dummy they were calibrated using a handheld 

vibration shaker by PCS Piezotronics that output 1g.  The following conversions for the output 

data to 1g were found: 

X = 1/4862      Y = 1/4877    Z = 1/4888 

   = 0.0002057        = 0.0002050       = 0.0002046 

 

NB: In order to align with standard naming conventions - the collected x-axis data are shown as 

the y-axis in the results data; and the collected y-axis data are shown as the x-axis in the results 

data  

 

NB: The accelerometers were warmed up for at least half an hour before each use.  As when the 

accelerometers were not warmed up noisy data were produced. 

 

 

Accelerometer Attachment 

Since a tri-axial accelerometer was not available, a one inch cube was made that allowed 

accelerometers to be attached and aligned in three axes (Figure A. 12 a).  This cube was attached 

to the accelerometer containment box.  Before the accelerometer containment box and cube, 

which were joined together by two screws, were attached to the dummy buttock the joined unit 

was leveled using washers around the four screws which attached the box to the buttock (Figure 

A. 12 b). 

Before the attachment set screws were placed inside the accelerometers and cube, Loctite was 

applied to the threads to ensure they would not loosen off (Figure A. 13).  
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a)   b)  

Figure A. 12. a) tri-axes cube for accelerometers; b) leveling of cube and accelerometer 
containment box 

 

 

 

a)   b)  

Figure A. 13. Accelerometers: a) accelerometer set screws with Loctite applied; b) 
accelerometers connected to the tri-axes cube in the accelerometer containment box in the 

dummy – i) putty used to hold the wires still  

 
NB: The accelerometers measure the dummy, not the wheelchair, axes.  However, the dummy 

axes can be used as a good approximation to describe the axes of the wheelchair. 

 

 

i 

i i
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Hardware Pieces Used and Their Connections  

x-axis (Right/Left):  Accelerometer -A3=(4333-327665); Accelerometer Input Cord(B&K black 

A0 0037);Amplifier(marked on tape “Vert”); Accelerometer Output Cord(Xs); Pin 17 on DAQ 

corresponding with channel 9 in DaqEz Professional  

 

y-axis (Forward/Backward): Accelerometer- A5(4333-327667); Accelerometer Input 

Cord(White-904979); Amplifier(Marked “Dynamics Lab MECH ENG”); Accelerometer Output 

Cord(Y); Pin 15 on DAQ corresponding with channel 11 in DaqEz Professional  

 

z-axis (Headward/Footward):  Accelerometer  - A1(4333-328121); Accelerometer Input 

Cord(White-904955); Amplifier (marked on tape “H-Axial”); Accelerometer Output Cord(Z); Pin 

13 on DAQ corresponding with channel 13 in DaqEz Professional 

 

NB: Items indicated by a bracket above was indicated by a label on the piece of hardware. 
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Appendix D 

Dummy 

An adjustable mass dummy was created.  It was made to represent the anthropometric 50th 

percentile mass (53 kg) and 5th percentile mass (40 kg) of the Indian population, male-female 

combined. 

 

6.1 Dummy Fabrication 

 

6.1.1 Base 

 

 A fiberglass mannequin in a seated position from the waist down was acquired from a 

commercial supplier (Figure A. 14 a). 

 The legs were cut off below knees in order for the mannequin to sit in wheelchair. 

 A 5 inch square hole was cut out on top of the flat waist area in order to access the center of 

the dummy (Figure A. 14 b). 

 4 holes were carefully drilled in the bottom of the buttocks in order to attach accelerometer 

containment box (Figure A. 16 and Figure A. 17 a, b).  The holes were counter sunk on the 

inside the buttock so that the screws were flush with the base of the buttocks. 

 4 holes were drilled in the remaining flat section of the waist to allow for the attachment of 

the weight holder (Figure A. 14 b). 
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 The right leg was detachable so it was fixed to the rest of the dummy with two screws.  The 

detachable leg came with two holes pre-drilled into it.   Two corresponding holes were then 

drilled into the main torso/buttocks area and the leg was attached (Figure A. 15). 

 A 0.5 inch hole was drilled into the right side of the dummy’s hip in order to allow 

accelerometer cables to exit the dummy. 

 The fixed weight of the dummy was accomplished by filling the dummy with cement like 

mixture of gravel and plaster (see below for process). 

 

a)   b)  

Figure A. 14. a) Original acquired mannequin. b) Holes drilled to access the inside of the 
dummy and to attach the weight holder 

 

a)   b)  

Figure A. 15. a) end of detachable leg; b) inside of dummy where the detachable leg was 

fixed with screws 
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6.1.2 The Process of Filling the Dummy Base with Plaster and Gravel 

 

 The dummy was flipped over so the openings at the end of the legs faced up.  The leg 

which attached directly to the buttocks through a hollow cavity was sectioned off with 

cardboard and duct tape then the buttocks was filled with Styrofoam.  The Styrofoam 

applied resistance to the cardboard in order to prevent it from collapsing when the leg was 

filled with liquid plaster and gravel which would have allowed plaster to leak into the 

buttocks area.   The removable leg that was fixed to the dummy was fully enclosed so there 

was no worry of leakage of plaster from this leg into the buttocks area.  

 Water was added to plaster powder until a desired consistency was achieved.  It was mixed 

with a hand drill with a metal mixing rod attachment, designed and made by Derek 

Hodgson.   Gravel was then added to the mix.  The dummy’s legs were immediately evenly 

filled with the plaster and gravel mix.  The legs were constantly tapped until air bubbles 

ceased to rise.   

 The legs were allowed to dry for two days before flipping the dummy back into a sitting 

position on its buttocks.  (Figure A. 16) 

 

 

Figure A. 16. The dummy base after its legs were filled with plaster and gravel 
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 In order to prevent the removable accelerometer containment box and cable containment 

tube from sticking to the plaster, which was about to be poured into the buttocks area of the 

dummy, a covering process of these items took place.  The accelerometer containment box 

was covered with a plastic bag and the cable containment tube was covered with the finger 

of a plastic glove.  The plastic/rubber coverings were taped into place.  The plastic 

coverings were then coated with some grease.    The containment compartments were 

inserted and assembled together.  The containment box was then screwed into the 

Fibreglass buttock base and the containment tube was inserted through the hole in the hip. 

Finally, the lid was placed on the containment box and the box was fully covered with a 

plastic bag and taped securely into place. 

 Since the containment box filled the majority of the hole opening into the buttock area a 

funnel like device was needed to pour the plaster easily and nicely into surrounding sides of 

the containment box.  Since the lab had no such funnel one was made out of cardboard, a 

metal tube and duct tape.  Quickly after the plaster was poured in a layer of gravel was 

added evenly to each buttock cheek side. 

 The previous step was repeated until the dummy’s buttock was filled with plaster and 

gravel up to the bottom of the containment tube.  (Figure A. 17) 

 The plaster was left to dry for two weeks to ensure proper solidification.  The total dummy 

base weighed 25.9kg. 
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a)  b)  
 

c)  

Figure A. 17. a) the accelerometer containment box and cord containment tube assembled 
inside the dummy's buttocks before the buttock was filled with plaster and gravel (reverse 

of b); b) the inside of the dummy’s buttock after being filled with plaster and gravel; c) The 
accelerometer containment box with lid inside the dummy after the buttock was filled with 

plaster and gravel 
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6.1.3 Weight Holder 

 The weight holder base was made of steel and cut to match shape of the flat waist portion 

of the dummy.  

  Four holes were drilled into the weight holder base to allow it to be attached to the dummy.  

The holes were counter sunk so that the attachment screws would be flush with the base 

surface allowing added weights to sit flat on the base. 

 A weight holder rod apparatus was then welded on.  It allowed for the weights to be 

stacked and centered on the device. (Figure A. 18) 

 A weight fastener was designed to prevent the weights from moving (particularly upwards) 

during motion of the dummy while going over the obstacles. 

 Side tabs were welded on to the weight holder to hold on the esthetical torso of the dummy 

(which ended up not being used during testing) 

 The entire weight holder base was spray painted black in order to prevent it from rusting. 

 Rubber mats (cutlery drawer mats) were cut out and placed between each weight and the 

base of the weight holder to prevent slippage of the weights (Figure A. 19). 
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Figure A. 18. Weight holder: a) base; b) weight holder rod; c) weight fastener; d) tabs 

 

 

 

 

Figure A. 19. Rubber mats placed between weights and the base to prevent the weights from 
slipping 

 

 

a) 

b) 

d) 

d) 

c) 
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6.2 Mass of the 5th Percentile Dummy 

 

Mass of weight holder, weight fastener, screws, + 2 weight rubber mats = 5.480 kg   

Mass of two weights:  4.550 kg + 4.340 kg = 8.89 kg    

TOTAL: 25.9 kg +5.480 kg + 8.89 kg 

               = 40.27 kg     

 

 

6.3 Mass of 50th Percentile Dummy 

 

Mass of weight holder, weight fastener, screws, + 6 weight rubber mats = 5.503 kg  

Mass of five weights:  4.625 kg + 4.720 kg + 4.867 kg + 4.550 kg + 4.340 kg = 23.102 kg 

TOTAL: 25.9 kg +5.503 kg + 23.102 kg  

             = 54.51 kg  

 

 

 

 

 

NB:  The mass of all objects were found using an electronic weigh scale.  The weights were 

supplied by the Ergonomics Research Laboratory, Queen’s University. 
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6.4 Strapping of the Dummy to the Wheelchair 

 

Before each test the dummy was well strapped to the wheelchair with 4 straps.   

 

Figure A. 20. a) 5th percentile mass dummy strapped in; b) 75th percentile dummy 

strapped in with many stacked weights 

 
 

Strap 1:  The right side of strap 1 was looped onto the right leg (Figure A. 21 a) before being 

wrapped around the right chair/backrest frame (Figure A. 21 b).  The left side of strap 1 was 

looped onto the left leg (Figure A. 21 c) before being wrapped around the left chair/backrest 

frame (Figure A. 21 d).  After the right and left sides of strap 1 were tightened to the frame they 

were wrapped and attached together via ratchet system around the weights (Figure A. 21 e).  

Note, in order to have the ratchet mechanism in the right position the strap had to be modified by 

cutting off the ratchet and stitching it back on in the appropriate place.   



 

94 

 

Strap 2:  A black Velcro belt was wrapped and tightened around the thighs of the dummy and the 

frame.   

 

Straps 3 and 4: Both straps 3 and 4 were attached in the same way, the only difference was one 

was attached the right leg (strap 3) while the other attached the left leg (strap 4).  The non-

ratcheted side of strap 3 (or 4) was hooked onto the front of the wheelchair then wrapped around 

the dummy’s leg above and below the knee before it being attached to the ratcheted side of strap 

3 (or 4), which was also attached to the front of the wheelchair.  Lastly the loose end of the non-

ratcheted side of strap 3 (or 4) was tied back to the front of the wheelchair. 

 

 

Figure A. 21. Dummy straps: a) strap 1 hooked around the right leg; b) strap 1 wrapped 
around the frame; c) strap 1 hooked around the left leg; d) strap 1 wrapped around the 

frame; e) strap 1 right and left sides wrapped and attached together around the weights; f) 
strap 2 wrapped and tightened around the thighs of the dummy and the frame;  g) strap 3 

non-ratcheted end; h) strap 3 ratcheted end; i) strap 4 non-ratcheted end; j) strap 4 
ratcheted end 

  

i) 
j) h) 

g) 

i) 

i) 

g) 

g) 

f) 

a) 

b) 

c) 

d) 

e) 
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Appendix E 

Data Collection Process 

 

6.5 Settings 

 

Amplifier Settings  

Transducer Sensitivity:  0.201 pC/m/s2   -> 2, 0, 1 pC/m/s2 (top row dials);  

0.1-1 pC/m/s2 (middle switch)  

 Gain:  10 mv/Unit Out 

Lower Frequency Limit:  1 m/s2   

Upper Frequency Limit:  0.1 kHz 

(Refer to Figure A. 22) 

 

 

Figure A. 22. Amplifier settings 
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DaqEZ Professional Settings: 

Gain 1; and 1000 samples/sec 

 

NB: Data were collected at a rate of 1000 Hz in order to obtain high resolution time domain 

acceleration graphs.  However, a minimum sampling rate of 250 Hz is needed in order to obtain 

at least twice the frequency content of these tests for clear FFT or PSD graphs. 

 

Motor Speed Control 

Dial was set to: 24 

 

Tachometer 

Data were not collected until the tachometer confirmed a reading of 18 rpm.  However, 

sometimes the motor speed control dial had to be slightly adjusted around 24 in order to obtain a 

reading of 18 rpm on the tachometer. 

 

V= r*w:    V= velocity m/s;  r= radius; w= angular velocity rad/s 

Drum Speed Calculations: V = (0.1016 m * 1.885 rad/s) = 0.19 m/s 

r = diameter/2 = 0.2032 m / 2 = 0.1016 m; w = 18 rev/min * 2Pi rad/rev * min/60s = 1.885 rad/s 

 

Wheel Ground Speed Calculations:  V = (0.3048 m * 0.6283 rad/s) = 0.19 m/s 

r = diameter/2 = 0.6096 m /2 =0.3048 m (which is a three times drum’s therefore the wheel’s rpm 

is a third of the drum’s rpm); w= 6 rev / min * 2Pi rad / rev * min/60 s = 0.6283 rad/s 
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6.6 Protocol 

 

 

6.6.1 Reproducibility Study (5th percentile dummy) 

 

1. Ensure the amplifiers have been on for an hour to warm up accelerometers 

2. Reposition the dummy: lift up and move the dummy from front to back and side to side 

(circular motion) set it back down on the chair 

3. Tighten accelerometer cords by pulling them through the electrical tie on canvas to 

ensure they don’t hit the wheel 

4. Tighten the canvas seat’s straps 

5. Tie the waist belt around dummy and frame: 

o Attach one strap around each thigh, tie to frame, and ratchet together the two 

straps (Appendix D) 

6. Put on black Velcro lap belt 

7. Attach the front of the legs to the frame via 2 sets of belt buckles 

8. Turn on motor 

9. Check speed of axle with tachometer 

10. Record speed of the axle 

11. Ensure the device has run for 2 min warm up period before collecting data 

12. Repeat steps 1-11 six times. 
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6.6.2 High Mass Study (50th percentile dummy) 

 

1. Ensure the amplifiers have been on for an hour to warm up accelerometers 

2. Tighten the canvas seat’s straps 

3. Tighten the waist belt around dummy and frame 

4. Tighten black Velcro lap belt 

5. Tighten the front 2 sets of belt buckle straps 

6. Turn on motor and set speed dial to 24 

7. Check speed of axle with tachometer and ensure it is 18rpm 

8. Record speed of the axle 

9. Ensure the device has run for 2 min warm up period before collecting data 

 

6.6.3 Single Perturbation Test (5th and 50th percentile dummy) 

 

* NB: this test was performed to validate the resonant frequencies of the system 

1. Ensure the amplifiers have been on for an hour to warm up accelerometers 

2. Tighten the canvas seat’s straps 

3. Tighten the waist belt around dummy and frame 

4. Tighten black Velcro lap belt 

5. Tighten the front 2 sets of belt buckle straps 

6. Start recording data 

7. Push or pull down hard on wheelchair push handle and then let go 

8. Stop recording data after the wheelchair system oscillations cease   
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Appendix F 

Peak Acceleration Detection (MATLAB Code) 

 
 

6.7 Conversion of Raw Data Files to Acceleration Files 

 
% Converts raw data files into acceleration data files 
freadfrom='C:\Documents and Settings\Miranda\My Documents\Master 
Project\DATA\Nat Freq\Raw Data Files\NF_ABSm1.TXT'; 
fwriteto='C:\Documents and Settings\Miranda\My Documents\Master 
Project\DATA\Nat Freq\Accel Data Files\Take 2\NF_ABSm1.TXT'; 
  
clc 
A=dlmread(freadfrom,''); 
A(:,4)=[]; 
clc 
A(:,1)=A(:,1)/4862;  
A(:,2)=A(:,2)/4877; 
A(:,3)=A(:,3)/4888; 
% 4862, 4877, and 4888 are respectively the x, y, and z conversions for 
the raw data to (g)s.  These values were found using the accelerometer 
calibrator. 
 
b=size(A,1); 
B=zeros(b,1); 
 
% Adds a time column  
for i=1:b 
B(i)=(i-1)/1000; 
end 
B=[B,A]; 
A=B; 
clear B; 
dlmwrite(fwriteto,A,'\t'); 
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6.8 Peak Acceleration Finding Program 

% read from file (which must have already been converted to 
accelerations): 

freadfrom='C:\fakefilepath.TXT'; 
A=dlmread(freadfrom,''); 
  
% write files to: 
titl='Graph Title Here'; 
fwriteto='C:\fakefilepath.TXT'; 
fwriteto1='C:\fakefilepath.TXT'; 
fwriteto2='C:\fakefilepath.TXT'; 
fwriteto3='C:\fakefilepath.TXT'; 
maxpeak='C:\fakefilepath'; 
minpeak='C:\fakefilepath'; 
  
%change "2" to the column number (2,3,4)=(x,y,z), column 1 is time 
test=A(:,2);  
  
% change # in (test,#) to change delta value.  See “peakdet” function 
code.  To decrease the number of starts stars which indicate peaks - 
increase delta value to make less stars (i.e. find less peaks) 
[maxtab, mintab]= peakdet(test,0.29);   
figure(1) 
plot(test) 
hold on 
plot(maxtab(:,1),maxtab(:,2),'r*') 
xlabel('Time (s)') 
ylabel('Acceleration (g)') 
title(titl) 
legend('X','Location','EastOutside') 
shg 
hgsave(figure(1),maxpeak); % See (Figure A. 23a)below 
  
figure(2) 
plot(test)  
hold on 
plot(mintab(:,1),mintab(:,2),'y*') 
xlabel('Time (s)') 
ylabel('Acceleration (g)') 
title(titl) 
legend('X','Location','EastOutside') 
shg 
hgsave(figure(2),minpeak); % See (Figure A. 23 b)below 
  
% to find the time index 
tt=A(:,1); 
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tt1=tt(maxtab(:,1)); 
maxtab(:,1)=tt1; 
  
tt2=tt(mintab(:,1)); 
mintab(:,1)=tt2; 
  
allpeaks=[maxtab;mintab]; 
l=max(length(maxtab),length(mintab)); 
maxmin=zeros(l,4); 
maxmin(1:length(maxtab),1:2)=maxtab; 
maxmin(1:length(mintab),3:4)=mintab; 
  
allpeak=[maxtab;mintab]; 
[y,I]=sort(abs(allpeak(:,2)),'descend'); 
allpeaksorted=[allpeak(I,1), allpeak(I,2)]; 
  
% the matrix "allpeaksorted" has all the peaks, positive and negative 
in 
% the second column. The first column has the time index in seconds, 
steps 
% of 0.001. 
  
dlmwrite(fwriteto,allpeaksorted,'\t'); 
dlmwrite(fwriteto1,mintab,'\t'); 
dlmwrite(fwriteto2,maxtab,'\t'); 
dlmwrite(fwriteto3,maxmin,'\t'); 
  
% the value of the maximum values will be in the second column of 
maxtab 
 

 
 
 
 
 
 
 
 
 
 
 
NB: Mohammad Adel was the author of this code. 
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6.8.1 Further Max and Min Peak Processing 

Sometimes it was not possible to only obtain the peaks of interest using the MATLAB code.  For 

example in Figure A. 23 a) two extra max peaks were identified by MATLAB – red stars 

highlight max peaks; and in Figure A. 23 b) one extra min peak was identified by MATLAB – 

yellow stars highlight min peaks.  Thus, the max and min peak figures created by MATLAB (i.e. 

Figure A. 23 ) were used when manually removing the extra peaks in Microsoft Excel. 

 

a) b)  

Figure A. 23. 5th Percentile, Test I, z-axis: a) example maxpeak plot with max peaks 
highlighted by red stars; b) example minpeak plot with min peaks highlighted by yellow 

stars 
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6.8.2 Peakdet Function 

function [maxtab, mintab]=peakdet(v, delta) 
%PEAKDET Detect peaks in a vector 
%        [MAXTAB, MINTAB] = PEAKDET(V, DELTA) finds the local 
%        maxima and minima ("peaks") in the vector V. 
%        A point is considered a maximum peak if it has the maximal 
%        value, and was preceded (to the left) by a value lower by 
%        DELTA. MAXTAB and MINTAB consists of two columns. Column 1 
%        contains indices in V, and column 2 the found values. 
% Eli Billauer, 3.4.05 (Explicitly not copyrighted). 
% This function is released to the public domain; Any use is allowed. 
  
maxtab = []; 
mintab = []; 
  
v = v(:); % Just in case this wasn't a proper vector 
  
if (length(delta(:)))>1 
  error('Input argument DELTA must be a scalar'); 
end 
  
if delta <= 0 
  error('Input argument DELTA must be positive'); 
end 
  
mn = Inf; mx = -Inf; 
mnpos = NaN; mxpos = NaN; 
  
lookformax = 1; 
  
for i=1:length(v) 
  this = v(i); 
  if this > mx, mx = this; mxpos = i; end 
  if this < mn, mn = this; mnpos = i; end 
   
  if lookformax 
    if this < mx-delta 
      maxtab = [maxtab ; mxpos mx]; 
      mn = this; mnpos = i; 
      lookformax = 0; 
    end   
  else 
    if this > mn+delta 
      mintab = [mintab ; mnpos mn]; 
      mx = this; mxpos = i; 
      lookformax = 1; 
    end 
  end 
end 


