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ABSTRACT 

Over the last two decades research emphasis has been placed on studying the 

effects of pressure on the buttock tissues of individuals with spinal cord injury. It is 

evident that the prolonged application of pressures above certain threshold levels will 

initiate a pathological process in the tissues that can lead to necrosis and ulceration. 

The exact mechanics of the process is not clearly understood. There is also evidence 

which suggests that a number of additional factors could be involved in the formation of 

pressure sores. For example, shear stresses and tissue distortion, repeated loadings, 

impact stress, temperature and humidity, metabolic stress, nutritional status, age, body 

stature, and psychological factors have all been implicated as possible contributing 
factors. In spite of this extensive research effort very few clear quantitative measures 

and guideline have been developed that can be used for clinical decision-making. That 

is, there are still missing pieces to the pressure sore problem. 

This study investigates the possible contributions of pelvic and spinal deformity 

and body posture to the variables occurring at body-seat interface. Four variables were 
investigated involving two study groups; a normal control group and a group of 
individuals with spinal cord injury. The variables are: spinal/pelvic alignment, 

pressures across the buttock support area, tangential shear at the support surface, and 
locations of centre of gravity. The latter three variables where measured for both groups 
in nine standardized postures commonly assumed while sitting in a wheelchair. 
Spinal/pelvic alignment involved a radiographic series taken in three of the nine sitting 

postures. 

The results indicate that pressure distribution and tangentially-induced shear 
forces are highly influenced by body posture. The results also indicate differences 

between the study groups in pelvic alignment and movement of the ischial tuberosities 

during changes of body posture. It is proposed that these findings have important 

implications relative to the design of future seating devices and in the clinical practice 

of pressure sore management. 



7 

ACKNOWLEDGEMENTS 

This study was made possible as a result of support from many sources. The University 

of Tennessee-Memphis (Depart. of Orthopaedic Surgery) and the Crippled Children's 

Hospital Foundation provided the major portion of the laboratory and financial resources 

necessary to conduct the study. The Technical University of Delft (Faculty of Industrial 

Design Engineering) provided the computing, statistical, and reproduction support; as 

well as a research fellowship stipend that partially supported the latter phases of the 

study. 

Many individuals and fellow staff either directly or indirectly contributed to 
this research endeavour. The technical contributions of Stan Cronk, Glen Ellis, Sam 

Hanks, B. J. Seaton, D. W Davis and Greg Shaw and others are gratefully acknowledged. 
The tremendous secretarial contribution by Beverly Wilson and the financial 

management by Linda Mills are greatly appreciated. The support and encouragement 

given by Drs. Calandruccio, Tooms and Perry are acknowledged with appreciation. The 

guidance provided my academic advisers, Profs. Paul and Barbenel of the Bioenginecring 

Unit, University of Strathclyde, and the kindness and support given by Joan Wilson of 
the Unit office have been important contributions to this effort. 

Several individuals deserve special acknowledgement that in reality goes far 
beyond these few words. Margaret Hyde and her sister Jane Hyde-Scott have shown 
steadfast interest and support of my career development for many years. To them I feel 

a deep sense of gratitude for the unique opportunity they created for me to pursue an 
advanced degree. It is with this sense of appreciation that I dedicate this work in 

memory of Jane Hyde-Scott, who did not live to witness its completion. 
And last but definitely not least, to my immediate family, Elaine and Sean, for 

their unwavering companionship and encouragement, without which this work would not 
have been undertaken and completed. I am especially grateful for their understanding of 
the many hours I had to be remote from family life over the four year period of this 
work. 



8 

CONTRIBUTIONS OF POSTURE AND DEFORMITY TO THE BODY-SEAT INTERFACE 

CONDITIONS OF A PERSON WITH SPINAL CORD INTURIES 

PART I- CURRENT KNOWLEDGE AND PRACTICE 

CHAPTER 1. INTRODUCTION 

1.1. THE PROBLEM 

1.1.1. Background 
The development of pressure Sores continues to be a major clinical problem, 

especially for people with spinal cord injuries (SCI). In spite of the significant research 

effort that has been carried out over the past several decades, relatively limited 

clinical impact has been made in reducing the debilitating effect of pressure sores. 
Earlier studies conducted in the Greater Glasgow Health Board area found an incidence 

of pressure sores to be 8.8 percent among all hospital patients and individuals receiving 

a home visit from a district nurse (Clark et al, 1978). More recent data from the United 
States Regional Spinal Cord Injury System for the years 1978-1980 reported that 40 

percent of the 7,000 spinal cord injured individuals followed developed pressure sores 
during the time period from initial injury to initial rehabilitation discharge. 

Approximately 6 percent of the individuals had severe pressure sores involving 

subcutaneous adipose tissue and muscle (Young and Bums, 1981a). The incidence dropped 

to approximately 30 percent in each of the follow-up years beyond initial rehabilitation 
discharge. The study also revealed a number of predictors that correlate with 
development of pressure sores. The completeness of the injury was associated with 

pressure sores, but the level of injury was not. Surprisingly, it was found that the 

incidence among quadriplegics was a little lower than among paraplegics. Women had 

significantly fewer sores than men. People who lived in a nursing home had by far the 

higher number of sores. The young and elderly had decreased incidence of sores 

compared with the middle aged, as did those who were married (Young and Burns, 

1981b). 

Richards et a] report that attempts to study the psychological correlates of 
pressure sore formation have been few and inconclusive. Anderson and Andberg (1979) 

suggest that individuals with pressure sores may have lower responsibility for their 

own skin care and lower levels of satisfaction with activities of daily living. Some 

individuals tend to be more impulsive and have lower ego strength (Richards et al 

1981). 
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Pressure sores are a severe and potentially life threatening complication for many 
individuals. A USA-Veterans Administration (VA) report (1968) estimated that 50 

percent of all quadriplegic veterans will require hospitalization because of pressure- 

related problems during their lifetime and more than 30 percent of the paraplegic 

population will have a similar fate. It was also estimated by the VA that ap- 

proximately 1/4 of these veterans will die as a direct consequence of pressure sores. 
The magnitude of the problem is further emphasized in analyses reported by 

Robinson (1978) in Canada, Manley (1978) in South Africa, Motloch (1978) in California, 

Noble (1981) in Australia and Barbenel (1984) in Scotland. Manley (1978) reports an 
incidence of 4.5 percent of the total in-hospital population with an additional 5.2 

percent showing signs of skin discolouration from excessive or prolonged pressure. Lawes 

(1984) reports on pressure sore re-admission of 260 spinal cord injured patients discharged 

between 1975 and 1978 from two spinal cord units in the United Kingdom. Twenty-five 

percent of the outpatients were re-admitted with pressure sores over the five year 

period. Thirty percent reported having suffered a sore in the spinal unit during the 
initial period of treatment, and 15 percent had been re-admitted with a pressure sore. 
Others have reported that over four percent of the deaths among the spinal cord injured 

can be attributed directly to complications arising from pressure sores (Geisler, 1977). 
Young and Burns (1981b) reported an additional average cost of approximately 

$15,000 per year for hospital treatment of SCI individuals with pressure sores compared 
to SCI individuals without pressure sores. An earlier estimate also suggested an average 
cost of $15,000 to treat a single severe pressure sore, with an estimated total annual cost 

of over $2 billion in the United States alone (Motlock, 1978). 
Professor Robert Roaf (1976), speaking at the Strathclyde Bioengineering Series on 

Biomechanics of Tissue Viability, said, "I am always appalled by the bad sitting 

posture into which our present design of wheelchair seems to force patients. I feel we 
have given inadequate attention to this as a contributory factor in the aetiology of 

pressure sores". Zacharkow (1984) also focused attention on the potential contribution of 
the abnormal seated posture imposed by the conventional wheelchair towards the onset 

of pressure sores. After an extensive review of the literature combined with clinical 

observations Zacharkow concludes that, "poor sitting posture is one of the major factors, 

and definitely the most ignored factor, in the aetiology of pressure sores". In a 1984 

presentation at a national symposium on the care, treatment, and prevention of pressure 

sores, the author outlined several biornechanical factors of abnormal seated posture that 

could predispose a person with a SCI to increased pelvic loading, when compared to 

individuals seated in a biornechanically stable posture. The concluding recommendations 



10 

called for research studies that would address the relationship between postural factors, 

pressure sore management, and functional performance (Hobson, 1984). 

The research study upon which this dissertation is based addresses the problem of 

abnormal seated posture and skeletal deformity as observed in the disabled population 

with a spinal cord injury. Specifically, the study addresses the relationship between 

skeletal deformity, seated posture and its effect on body/seat pressure distribution, 

body/seat interface shear and centre of gravity location. Comparisons are made between 

a sample of able-bodied subjects and a sample of individuals that have had a SCI for at 
least five years. 

The research question(s) and the objectives of this investigation were formulated 

in 1984. Since that time a number of research advances have been made that have had 

a direct bearing on the outcome and to some degree originality of this study. To the 

extent possible these advances have been acknowledged, incorporated, and built upon 
throughout the latter course of the study. As a result, it is felt that the study makes a 

unique, current, and significant contribution to the body of knowledge related to 

management of non-ambulatory individuals with problems related to postural deformity 

and tissue breakdown. 

1.1.2. Clinical Manifestations 

Clinically, it has been generally concluded that the formation of decubitus ulcers 
is mainly a result of excessive or prolonged application of pressure to the weight bearing 

tissues; therefore the term "pressure sores" has been adopted universally as the clinical 
term for the problem. In the more severe cases pressure sores are categorized by the type 

of open wound where necrosis has penetrated the deeper tissues in response to the 

cessation of blood flow to the tissue region. 
There are many other groups of disabled people who are predisposed to the de- 

bilitating effects of pressure sores besides those with spinal cord injury. These groups 
are: 

1. the geriatric population, particularly those confined to nursing homes; 
2. trauma patients who are confined to intensive care units for extended periods; 
3. people with demyelinating neurologic diseases, such as multiple sclerosis; 
4. people who suffer from limited physical and personal mobility, such as stroke, 

post-polio, and muscular dystrophy patients; 
5. those with spinal birth defects, such as spina bifida. 
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The most commonly cited causes of pressure sores Include: 
1. prolonged sitting during daily activities, particularly during work, travel and 

recreational activities, such as card playing or video games; 
2. use of old and Ineffective wheelchair cushions; 

3. activities that involve sitting on uncushioned areas such as a bathtub, or a 

floor to play with young members of the family, 

4. falls while transferring from the wheelchair or bed; 

5. sitting too soon after surgical procedures to correct a vertebral defect, or even 

during the comprehensive rehabilitation process; 

6. excessive sweating or irregular attention to skin conditions; 
7. wearing clothing that has exaggerated scam lines such as 'Jeans', which can 

cause pressure to concentrate in areas that normally would not carry significant 
loads. 

All of the above, except 6, can be related to Increased levels or prolonged periods 

of pressure, tissue shear or direct trauma to the supporting tissue. 

In summary, it Is apparent that the incidence and treatment of pressure sores 

remains a major health problem. It affects a significant percentage of the total 

population resulting In major social and medical costs. The incidence is probably in 

excess of six percent of the population when other groups at risk in addition to the 

spinal cord injury population are taken into account. 
The clinical and scientific evidence, although not conclusive, is biased towards 

excessive and/or prolonged application of pressure as being the primary causative factor. 

The other contributing factors such as; interface temperature and humidity, nutrition, 

circulatory, psychological, and general medical status, etc., will be briefly discussed in 

the appropriate following sections. And of course, the contributing factors associated 

with posturally Induced deformity, shear and pressure stresses are the focus of this 

investigation and therefore have been given the primary emphasis throughout the 

literature review and following study. 

1.2. HYPOTHESIS AND SCOPE OF STUDY 

1.2.1. Development of the Hypothesis 

It will become evident from the discussion of the relevant literature that the 

majority of the research work to date has focused on the relationship between but- 

tock/seat interface pressure and the formation of pressure sores. Much less attention has 

been given to other factors such as the interface effects that can potentially result from 

pelvic and spinal deformity. For example, it has been observed by the author that 
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many individuals with spinal cord injury, who have used a conventional wheelchair for 

at least five years, have a typical abnormal seated posture. Their posture is 

characterized by a forward position of the pelvis with unsupported space between the 

sacrum and the backrest, and a 'C' shape thoracal spine with an extended neck and 
head position. It is postulated that a rigorous comparison of the seated postures 
between the able-bodied population and the spinal cord Injured should reveal significant 
differences. The following cursory biornechanical analysis suggests some of the reasons 

why these differences may exist. 
First, it can be stated that there really is no "normal" seated posture. This can be 

confirmed subjectively by viewing a large number of people seated in identical seats 

receiving the same visual and auditory stimulation. The observation will reveal a wide 

variance in seated posture (Wotzaka et al, 1969). However, if able-bodied individuals 

are asked to assume an upright seated mid-line posture then many similarities of seated 

posture between individuals begin to emerge. This 'simulated' normal upright posture 
can then be used as a reference posture to which comparisons of abnormal posture can be 

made. 
Figure 1.1 depicts the extrinsic forces that act on the body in the sagittal plane 

during upright normal supported sitting, such as that provided by a wheelchair. The 

extrinsic forces are those of gravity (W1 and W2) and the counterbalancing reaction 
forces of the supporting surfaces (FB, FS, FA, and FF). 

Of particular interest are the intrinsic forces. That is, the forces resulting from 

muscular contractions, skeletal reaction forces, ligaments, etc. that counter-balance the 

effect of gravity in order to maintain the trunk and pelvis in the upright position. 
Figure 1.2, simplistically Illustrates the primary Intrinsic forces that interact In a most 

complex manner in order to maintain an upright trunk and pelvis. The centre of gravity 
is positioned over the pelvis in such a manner as to minimize the energy expenditure 
necessary to maintain the upright posture. It can be seen that the posterior trunk 

musculature (the paraspinal muscles, F13) contract to maintain the normal curves of the 

spine and thereby counter-balance the spinal flexion moment of gravity M). It has 
been shown that contractures of the abdomen, diaphragm, and intercostal muscles (FI) 

create a supporting hydraulic reaction to the spinal column through compression of the 

viscera and stabilization of the thoracic cage (Morris et a], 1961). It can also be 

demonstrated that contraction of the quadriceps with the feet firmly planted on the 
floor or wheelchair footrests can create a reaction force along the axis of the femur (Fp), 

which in turn creates a righting moment on the pelvis via its reaction through the hip 

joint (acetabulum). The intricate interplay of the muscle contractions, combined with 
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their ligamentous structures and the forces transferred through the skeletal system all 

combine to maintain an upright seated posture with the trunk neutrally balanced over 

the pelvis. 
A biornechanically normal erect supported sitting Posture exemplifies the 

following characteristics: 
" An "S" shaped spine as viewed in the mid-sagittal plane; 
" Lordotic lumbar spine; 
" Anterior rotation or neutral position of pelvis; 
" Weight-line of the trunk over or anterior to the ischial tuberosities; 

" Head located over the mid-line of the spine; 
" Low horizontal forces on the upper back-rest thereby minimizing the 

counteractive horizontal friction force acting at the seat surface; 
Maintenance of normal hamstring length; 

Controlled transfer of the sitting loads to the femoral shafts and posterior 

aspect of the thighs via the hip joint; and 
* Minimized trunk muscle activity to maintain an upright trunk and head 

posture. 
Examination of these same intrinsic factors in the extreme situation of a paralyzed 

person that has lost the use of the muscle function below the level of their spinal lesion 

presents a vastly different biornechanical picture. The spinal extensors (1713), the 

supportive effect of the abdominal contractions (FI) and the pelvic righting effect of the 

quadriceps and femur (FH) are diminished or no longer present. Given the inability to 

internally counter-balance the trunk mass and given the posture imposed by the 

configuration of the wheelchair seat, a paralyzed person has little biornechanical 

alternative but to assume the posture shown in figure 1.3. The normal thoracic and 

possibly lumbar curves are lost and the spine assumes a long'C' (kyphotic) shape. The 

pelvis slides forward and rotates (tilts) posteriorly due to the relentless effect of 

gravity being unopposed by any significant righting forces. The centre of gravity now 

shifts posteriorly relative to the ischial tuberosities. The pelvis becomes orientated in 

a fixed and relatively poor orientation for weight transmission via the supporting 

tissues. Furthermore, forward sliding of the pelvis can only be resisted by increased 

shear forces WSX) acting at the tissue/support interface. Movement of the upper trunk, 

such as in forward reaching, will be restricted by loss of the normal spinal mobility. It 

is further postulated that forward trunk motion beyond that which can occur by flexion 

of the thoracic spine will cause rotation of the complete trunk mass over the posteriorly- 
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displacing ischial tuberosities, causing elevation of both normal and shear stresses at 

the ischial/tissue/seat interfaces. 

In summary, an abnormal sitting posture induced by the absence of muscle function 

and the postural constraints of the wheelchair can exhibit the following characteristics: 

" Posteriorly tilted pelvis with impingement of the coccyx in severe situations; 

" Kyphotic lumbar spine with a long 'C' shaped curve of the complete spine; 

" Trunk CG-Iine falling posterior to the ischial tuberosities; 

" Cervical hyperextension in order to maintain upright gaze; 
" Shortening and permanent contractures of the hamstring muscles; 

" Development of a fixed kyphoscoliosis of the spine, 
" High forces against the backrest which will need to be counterbalanced by high 

shear forces at the seat surface. 
" Actual unloading of the posterior aspect of the thighs causing higher ischial 

tuberosity pressures; 
" Increased neck muscle activity necessary to maintain upright head position; and 

" Poor ergonomic position for optimum wheelchair propulsion and 

cardiorespiratory function. 

The detrimental effect of several of the above factors related to ischial loading 

may well be increased significantly during functional activities, such as; propulsion of 

the wheelchair, reaching, transferring, etc. 
A 'correct sitting posture' in the frontal (side to side) plane is fairly obvious. Mid- 

line trunk orientation over a near level pelvis supported by a firm horizontal surface 

seems optimal. In contrast, problems are encountered by disabled individuals that are 

seated on the sling-type seats common to conventional wheelchairs. These problems may 

occur as: 
"A pelvic 'drift' to one side or the other since very few wheelchair cushions 

provide mediolateral (M/L) stability to the pelvis, especially if a scoliosis is 

present; 
" Persistent lateral pelvic drift and rotation (obliquity) which can drastically 

increase ischial pressures and probably shear forces as well, on one side; and 

" The presence of other factors that can lead to asymmetrical postures and higher 

pressures such as; unilateral wasting of the gluteal muscle mass; unilateral hip 

abduction or extension contractures, and unilateral removal of pelvic bone 

(ischiaectomy). 

Most importantly, it is apparent that the potentially detrimental effects of asym- 

metrical posture and deformity are not fully recognized by researchers and clinicians. In 
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turn, these abnormalities can contribute significantly to elevated tissue pressure, 
increased shear stresses, sitting instability, tissue breakdown, and suboptimal functional 

performance. 
Therefore, it Is hypothesized that the abnormal sitting posture exhibited by 

individuals with spinal cord Injuries can have a significant effect on the body-seat 

variables, that in turn can increase the probability of tissue breakdown and formation 

of pressure sores. 
The above statement can be made in terms of several null hypothesis (Ho); 

1) That sitting posture has no effect on the seat1body interface variables, and 
2) That individuals with spinal cord injuries have bodylseat variables that are no 
different from the able-bodied population. 

In order to test the above hypotheses, four interrelated studies were carried out. 
The studies compared four parameters between an able-bodied control group and a 

sample of subjects with varying levels of spinal cord injury. The study variables are: a) 

spinal/pelvic alignment, b) body centre of gravity location, 0 tangentially-induced 

shear forces, and d) interface pressure. 
Pelvic alignment comparisons between subject populations is based on a ra- 

diographic series. The radiographs were taken in the same seating device with the 

subjects positioned in specified postures. The centre of gravity (CG) measurements were 

made using specially designed instrumentation, which permitted determination of the C 

G of the body while seated in nine reproducible postures. Gross shear forces acting 
tangentially to the seat surface were measured for both the normal and disabled subjects 

positioned in the same seated posture. Buttock/seat interface pressures were measured 

simultaneously using a commercially available pressure monitor. Analyses and 

comparison of results between the study samples have permitted conclusions relevant to 

the stated hypotheses. 

1.2.2. Scope of the Investigation 

In the above development of the hypothesis many statements were made that 

require substantiation. It was implied that elevated or prolonged seat/body interface 

pressure is a primary factor that leads to the onset of pressure sores. Is this in fact true? 
What is the current knowledge regarding the relationship between pressure and the 

onset of pressure sores? What are the other factors that can potentially contribute to 

the onset of pressure sores? For example, what role does interface shear force play and 

to what extent have other investigators substantiated its contributing role? What are 

the biomechanics of the normal seated posture and how does the body maintain an 



16 

upright seated position? How, in fact, is the seated posture altered when certain 

muscles become weakened, unbalanced, or are no longer functional to maintain the 

upright position? How is seated posture defined, measured, and recorded? How have 

other investigators measured spinal and pelvic position and deformity? What is the 

state of the art in pressure relief technology and upper body positioning in order to 

prevent tissue breakdown and skeletal deformity, respectively? What are the 

technologies that are currently used in order to measure shear force and pressure at the 

interface surfaces, and what are the limitations of these technologies as they apply to 

both research and clinical environments? 
A systematic review of previous work was carried out in an attempt to find an- 

swers to most of the above questions. In those cases in which answers were not 

forthcoming or complete, the current consensus (or lack of consensus) has been developed 

and stated. In those cases in which the measurement tools or conventional descriptive 

methods were not available or established, work was done to establish those necessary 

to conduct the study. An example being the absence of a suitable method to define the 

seated posture and the orientation of the seated body in space; further examples being a 

classification system to categorize the generic technologies used clinically in specialized 

seating and pressure sore management; and the instrumentation necessary to measure and 

record tangentially-induced shear force acting at the body/seat interface. 

1.3. ORGANIZATION OF DISSERTATION 

The dissertation is organized into nineteen chapters subdivided into three major 

parts, followed by appendices and two lists of references. 
PART I (Chapters 1-5) contains the introductory section and the major review of 

the scientific and clinical literature. The literature review attempts to relate the 

relevant findings of previous work to the focus of this study. It formulates the scope of 

the clinical problem and reviews the current knowledge of both normal and abnormal 

seated posture. The biornechanics of body support is reviewed and the response of skin 
to external loading, particularly related to pressure and shear stress is emphasized. 
Current clinical practices are summarized, complete with a classification and description 

of current seating technologies in common use. In conclusion, Section I summarizes the 

current research and clinical knowledge and practice and develops the rationale for the 
following research study. 

PART 11 (Chapters 6 -15) contains the essence of the investigation and the unique 

contribution of the work to the field. It begins with defining terminology and a method 
for defining the seated posture. The four inter-related studies involving, deformity, 
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pressure, surface shear and CG measurement are detailed individually. The study 
populations, methods, instrumentation and initial findings are described. The methods 
used to analyze the study data, as well as estimations of error and statistical 
implications are presented. To facilitate presentation most details related to the design 

and construction of the laboratory instrumentation have been placed in the Appendix. 

Part III (Chapters 16-19) contains the limitations on the findings, implications for 

changes to clinical practice and the recommendations for continuing research efforts. 
Diagrams have been used liberally throughout the dissertation, especially In Part 

11 and in the appendices in an attempt to enhance clarity of presentation and reduce the 

volume of text. 
By way of a note to reviewers, chapters 24, inclusive, are a review of the current 

research knowledge and clinical practice. Readers wishing to more quickly review these 

chapters may proceed directly to the summary statements at the ends of most subsections 

or chapters. Chapter 5 is a summary of chapters 24, thereby making it possible to 

bypass many of the details contained in tile literature review. This latter route Is 

suggested for those familiar with current literature and clinical practice. 



At 
Ax 

I 
I 

-'RVICAL VERTEBRAE 

TI 

12 
MORACIC VERTEBRAE 

5 
LUMBAR VERTEBRAE 

SACRUM 
(S pieces) 

COCCTX 
(4 pieces) 

Fig 2.1 -Diagram of erect spine showing normal curves and four 
segmental areas of the spine. (modified from Grants Aflas of Anatomy, Williams and Willdns, Baltimore. ) 



18 

CHAPTER 2. THE SEATED POSTURE 

2.1. ABLE-BODIED SEATED POSTURE 

Before analyzing the inherent problems of abnormal seated posture it is useful to 
identify the characteri s tics of able-bodied sitting posture. A useful beginning point of 
reference is the posture of the spine and pelvis in the erect anatomical standing position, 
sometimes referred to as the 'normal' posture of the spine. 

2.1.1. The Spine 

The classical anatomical or "military" erect spine consists of three normal spinal 

curves (fig 2.1 ). The vertebral column Is straight in the frontal plane and curved in the 

sagittal plane; there is a cervical lordosis, a thoracic kyphosis, and a lumbar lordosis. 

When one sits down, the knees and hips flex, the pelvis tilts backward and the lumbar 

lordosis flattens (flexes). The normal spinal curves act as shock absorbers by reducing its 

longitudinal stiffness (Adams and Hutton, 1985). Of particular interest to this study are 
the normal ranges of motion of the lumbar spine because of its direct linkage with the 

pelvis. 
In the living adult, the lumbar curvature, as defined In fig 2.2, varies with 

posture; from 80* when leaning backward to 0* when bending fully forward. In the erect 

standing posture the lumbar curvature is about 60". When changing from a standing to a 

supported sitting posture, the pelvis rotates posteriorly and flattens or flexes the lumbar 

curvature to 45-50*. The curvature will normally decrease to 20-25*, in unsupported sitting 
(Andersson et a], 1979; Adams and Hutton, 1983). - 

Currently, two divergent theories of proper sitting posture are being pursued by 

ergonomists and related researchers. One theory postulates that slight lumbar flexion 
(flattening) provides the optimal sitting position. Supporters of the flexed sitting 
posture commonly recommend elevating the knees above the hips. ýnlose who support 
the flexion theory claim that a reduct. ion in lumbar lordosis decreases pressure on tile 
posterior elements of the lumbar spine (Adams and Hutton, 1985) . 

The second theory of proper sitting posture promotes "normal" lumbar lordosis, 

which has been defined as the degree of lumbar extension established in tile erect 
standing position, as being the ideal lumbar orientation for a correct sitting posture. 
Andersson et al (1979), Keegan (1953), and Mandal (1976) propose the use of a specially 
designed chair to achieve the correct sitting posture and possibly, to reduce the Incidence 

of low back pain. Ibis position is further supported by the classical work of Nachemson 
(1964,1972) who found that, by reducing the normal lumbar lordosis in unsupported erect 
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sitting, greater lumbar flexion occurred and the in vivo pressure on the third lumbar disk 

increased. Conversely, when sitting in a lumbar posture that more closely approximates 
the standing lordosis, intradiscal pressure decreases. It Is this theory that supports the 

use of the forward reclining seats (15-20" of recline) in order to maintain tile lumbar 

spine In its normal (standing) lordotic curvature, Le., the Westnofa Balans chair. 
Keegan (1953) concluded that a thigh-trunk angle of about 135* in sitting preserved the 

desired non-nal lumbar lordosis. This is further supported by tile observation that 

people often sit on the edge of a chair and lean forward. This is viewed as an attempt 

to improve comfort by restoring the normal lumbar lordosis and thereby reducing 

posterior tension on the lumbar spine (Mandal, 1976). In contrast, population studies 
have shown that lumbar disc degeneration is rare among people who habitually sit or 

squat in postures which flatten or reduce the curvature of the lumbar spine (Fahrni and 

Trueman, 1965). 

These opposing theories have definite implications on the design of workstation 

seating for the able-bodied population, especially when muscle fatigue, postural fixation 

and low back pain are the primary considerations (Greieco, 1986). For tile disabled the 

conventional wheelchair sling-type backrest provides virtually no support to the lumbar 

spine, and the seat is traditionally designed to maintain the knees at the same level as 

the hip joint. The backrest is usually reclined about 100* from the horizontal but this 

varies considerably with the age of the backrest upholstery. The footrests maintain the 

knees extended to approximately 35" of flexion. 

When an able-bodied person sits in a wheelchair they also assume a posture 

essentially dictated by the seat configuration. The lumbar curve tends to flatten to a 

value of 20-25*,, which is similar to the unsupported sitting posture described by Adams 

and Hutton, (1985). This posture is further characterized by a backward tilt of the 

pelvis with the line of the centre of gravity of the torso falling either through or 
behind the ischlal tuberosities (Kroemer and Robinette, 1969, Andersson et a], 1979). 

Schoberth. (1962) described this posture as a posterior sitting posture. The observed 

posture of a person with weak or paralyzed trunk muscles will be described in a 
following section. 

2.1.2. The Pelvis 

Of particular interest to this study is the curvature of the lumbar bodies imme- 

diately superior to the sacrum (L3-L5) and the comparative alignment of the pelvis in 

both able-bodied and paralytic seating postures. By virtue of their Inter-relationship, a 
discussion of pelvic movement must include reference to the sacrum. 'Me sacrurn is firmly 
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bound to the two iliac bones of the pelvis by means of the anterior, posterior, and 
interosseous sacroiliac ligaments. It is, further reinforced by the iliolumbar, 

sacrotuberous and the sacrospinous ligaments and by the lower portion of the erector 
spinae muscle. Because of this firm attachment, the sacrum is considered a part of the 

pelvic girdle. Some consider the sacrurn to be the last vertebrae of the spine (fig 2-1). 
Figure 2.3 shows the relationship of the sacrurn to the iliac bones of the pelvis. 

The joints by which the movement of the pelvis occurs are the two hip joints and 
the joints of the lumbar spine, particularly the lumbosacral articulation. Since the 

pelvis depends on the joints of the lower spine and those of the hip joints for its 

movements, it is not surprising that its motion is sometimes associated with the motion 
of the trunk, the lumbar spine, and sometimes with the thighs. Clinically, the 

orientation of the pelvis in the sagittal plane is determined radiographically by 

measuring the angulation of the lumbosacral joint from the horizontal. The lumbosacral 

angle is the angle formed by two lines, one horizontal and the other drawn in line with 
the superior plateau (end plate) of the first sacral vertebrae (fig 2.2). The lumbosacral 

angle is approximately 30* in the erect standing position and reduces to approximately 
15-20" in the erect seated position. Ai1terior tilting of the sacrurn increases the 
lumbosacral angle. 

In the erect normal position, the line of the centre of gravity passes slightly 
anterior to the sacroiliac joints. The gravitational moment that is created at the 
sacroiliac joint tends to cause the superior portion of the sacrurn to rotate anteriorly and 
inferiorly. This tends to force the inferior portion in a posterior direction. The 

sacrospinous and the sacrotuberous ligaments counter-balance the gravitational torque 
and prevents the inferior portion of the sacrum from moving posteriorly. The superior 
portion of the sacrurn is kept from being thrust anteriorly by the sacroiliac ligament. 
Pelvic balance is achieved when the line of gravity passes through the body of the Sth 
lumbar vertebra and the axis of rotation of the lumbosacral joint. In this position the 
gravitational movement relative to lumbosacral joint is zero and therefore the pelvis 
has a minimal tendency to tilt in either the posterior or anterior direction. However, 
during sitting voluntary control of trunk and pelvic musculature is required to achieve 
this ideal alignment of the trunk mass over the pelvis. 

The pelvic structure is an integral part of the biomechanical structure of the body. 
In the upright standing position it provides the articular sockets for lower limb moment 
and upright mobility. When standing most of the torso loads are transmitted via the 
lumbosacral joint to the pelvis, down through the hip joints to the femurs, tibiae and 
ankle joints and eventually the standing surface. In sitting the pelvis has two inferior 
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bony prominences Oschial tuberosities) that provide the main load transmission via the 

underlying tissues to the supporting seat surface (fig 2.3). The remaining load is 

transmitted via the femoral shafts and their underlying tissues depending on the 

intactness of the hip joint complex. Spinous processes on the pelvis serve as the 

attachment points for spinal, abdominal, hip joint, and lower limb muscles and 
ligaments which all interact in a complex manner to stabilize the body posture and 

permit voluntary movement. 
Examination of the topography and normal alignment of the ischial tuberosities is 

of special importance to this study. The ischial tuberosities form a prominent bony 

projection on the posterior-inferior aspect of the pelvis when viewed in the sagittal 

plane (fig 2.2). The tuberosities are wedge shaped, larger in their superior than inferior 

dimension. Given the variances throughout the population the inferior aspect presents a 
bony projection to the supporting tissues of approximately 2 cm2. When the pelvis tilts 

posteriorly with a reduction of the lumbosacral angle to approximately 15-20*, as in the 

case of moving from standing to sitting, the area of support offered by the wedge shaped 

tuberosities increases slightly. Also, because of the angulation of the ischial 

tuberosities as viewed in the transverse plane, posterior pelvic rotation tends to broaden 

the base of support on the seated surface. 
The anterior spinous processes of the ilium provide origins for the powerful hip 

flexors, namely, Sartorius and Rectus Femoris. The ischial tuberosities serve as the 

origins for the powerful hamstring muscles that cross both the hip and the knee joints. 

The hamstring muscles, Biceps Femoris, Semitendinosus, Semimembranosus, insert into 

the tibia and fibular heads and therefore serve as extensors of the hip and flexors of 
the knee. In the seated position with the the feet fixed they can have strong posterior 
tilting effects on the pelvis. 

The sacral bodies (Sl-S5) are rough bony projections which lie in the posterior 

midline of the pelvis (fig 2.1 and 2.3). The coccyx (tailbone) is the most inferior pro- 
jection of the sacrurn and therefore can readily receive impingement with excessive 

posterior tilt of the pelvis in the seated position. 
The pelvis also serves as the attachment (insertion) point for the primary anterior 

and posterior muscles of the torso, i. e., Rectus Abdominous and Erector Spinae. These 

muscles, combined with the intrinsic muscles of the thorax and spine provide the 

stability and voluntary movement of the torso. 

In normal sitting the femurs are usually abducted at the hip joints providing a 
broadened base of support to both the pelvis and indirectly the trunk. Most of the upper 
body weight is transmitted via the pelvis and femurs to the underlying support surface. 



22 

The weight of the lower limbs and part of the trunk weight is transmitted through the 

posterior thigh tissues to the seat to the floor, or through the lower limb skeletal 

structure to the floor via the feet. This normal transmission of lower limb weight may be 

significantly altered when seated in a wheelchair. 
Variations in normal seated posture constantly shift the loads from one body area 

to another, which includes the arms (via chair armrests), through the back (via the 

backrest in slouched sitting) and the feet (via controlled anterior trunk flexion). When 

a person is confined to a much smaller body movement envelope, either due to loss of 

voluntary movement or through design of the seating device, the ability to shift loads 

to alternate body tissues can be dramatically restrictqd. 

2.1.3. Spinal Stability 
Biomechanically, the spinal column may be viewed as a sustaining Tod that 

maintains the upright position of the body and, as such, is subjected to a complex system 

of forces and Stresses of different types. The spinal column itself may be considered to 

have both intrinsic and extrinsic stability. Intrinsic stability is provided by alternating 

rigid and elastic components of the spine which are bound together by the ligamentous 

system; whereas extrinsic stability is provided by the paraspinal and other trunk 

muscles (Morris et al, 1961). When the isolated ligamentous spine is loaded as a 

modified elastic rod fixed at the base, the critical load value is approximately 2 kg (4.5 

lbs), much less than the weight of the torso it supports. If the load is increased further 

buckling occurs (Lucus and Bresler, 1961). The stability of the spine is therefore 

dependent largely on the action of extrinsic forces provided by the trunk muscles. Morris 

et al, (1961) studied the magnitude of the forces that are withstood by the lumbar 

vertebrae and discs during activities of heavy lifting. They showed that the structures 

would only withstand the high forces if the contribution of the hydraulic effect of the 

abdominal and thoracic cavities contributed to the extrinsic supporting forces of the 

paraspinal muscles. The action of the trunk muscles converts the thoracic and abdominal 

cavities into nearly rigid-wall cylinders of air, liquid and semi-solid material (viscera). 

Both cylinders are capable of providing added stability to the spine (Morris et al, 

1961). Although the study emphasized the supportive contribution of the trunk cavities 

during heavy lifting activities, it also demonstrated that a reflex mechanism caused 

involuntary contractions of the trunk muscles, thereby fixing the rib cage and compressing 

the abdominal contents. In summary, it seems reasonable to assume that, to varying 

degrees, intracavitary pressures aid in the support and stability of a normally seated 

trunk. 
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Other investigators have modeled the biornechanics of the human spine. Most 

investigators have analyzed only segments of the spine such as the deformation of the 

rib cage during simulated car crashes (Roberts and Chen, 1970). Belytschko (1973) used a 

three dimensional model of the vertebral column, but did not include the action of the 

muscles. Yettram and Jackman (1980) make the point that muscles of the trunk are 

essential to the stability of the vertebral column and they act as one with the structure, 

not as an externally applied load. They describe an equilibrium model for the spine 

that includes the reaction forces of many of the spinal muscles. However, they 

concluded that it was difficult to assess the accuracy of the results obtained, especially 

due to the difficulty in accurately determining the muscle forces from EMG 

measurements, and the forces generated in the passive elastic tissues of the 

intravertebral joints. Scholten and Veldhuizen (1988) studied the influences of 

curvatures on the mechanical stability of the spine. They used a three dimensional, 

geometrical non-linear biornechanical model to study the critical buckling loads with 

increasing lordotic and kyphotic curvatures. They found that when the body weight is 

taken into account as a load distributed along the whole spine, the calculated initial 

buckling load is twice the value that it is in the case of a single concentrated load 

acting at the top of the spine (Lucas and Bresler, 1961). According to their model they 

found that initial buckling decreases with increased lordotic and kyphotic curvatures. 

For purposes of this study it is suffice to say that a comprehensive biornechanical 

model of the 'normal' human spine that has wide spread acceptance remains to be 

developed. The evidence to date suggests a complex interaction of intrinsic 

(ligamentous) forces and extrinsic (muscle) forces acting in conjunction with the skeletal 

structures and the involuntary hydraulic effect of the mainly abdominal cavity. They 

interact in an integrated manner in order to provide a stable biomechanical structure 

that supports both the upright standing and sitting postures, while still permitting 

voluntary movement of the torso in a wide variety of functional activities. Most 

importantly, this conceptual model of 'normal' provides a biomechanical point of 

reference when considering a person withabnormal' spinal mechanics in the seated 

posture. 

2.2. ABNORMAL SEATED POSTURE 

Although the emphasis of this work is on problems specific to the spinal cord 
injured (SCO population other groups of nonambulatory people, to varying degrees, 

experience similar difficulties with postural instability, deformity, discomfort, tissue 
breakdown and less than optimal upper body function. The Important differences unique 
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to the SCI group are the total or partial absence of gravity-opposing muscle function 
distal to the lesion level, and the total or partial absence of tissue sensation over the 

weight bearing surfaces. Furthermore, it has been postulated that these two latter 

characteristics place the spinal cord injured group at increased risk due to progressive 
deformity, which can lead to asymmetrical sitting postures, which in turn can 
precipitate elevated body/seat interface stresses and therefore an increased 

predisposition to tissue breakdown. In order to gain further insight into these 

potentially adverse characteristics of abnormal sitting postures, involvement of the 

spine, pelvis, and problems inherent to the wheelchair are reviewed and presented 

separately. 

2.2.1. Involvement of the Spine 

Compared to 'normal' seated posture, much less research work has been done on 

abnormal seated posture resulting from physical disability, especially spinal in- 

stability. The majority of the literature on spinal instability is related to surgical 
management of the scoliotic spine. Scoliosis secondary to neuromuscular disease is 

probably the oldest form Of recognizable spinal deformity. Until the virtual elimi- 
nation of poliomyelitis all spinal curves without metabolic or structural deformities 

were considered to be due to muscle paralysis (Fisk and Bunch, 1979). More recently, 
research and treatment of neuromuscular and idiopathic scoliosis has occupied the 

attention of many spinal surgeons. Deformities in children with cerebral palsy, 
especially in the spine and hips, has been ascribed to muscle imbalance and increased 

tone, or to the type of cerebral palsy (Fulford and Brown, 1976). 
Mayfield et al (1981) reported on a retrospective study of 40 children who had 

incurred spinal cord injuries between birth and the age of 18 years. The population was 
divided into pre-adolescents and post-adolescent groups. Paraplegia and quadriplegia in 
the preadolescent patient resulted in spinal deformity in all cases in the study, and 96 

percent had a progressive deformity. These results were similar to other studies in the 

orthopaedic field (Kilfoyle R. M., 1965; Campbell and Bonnett, 1975). Although all of 
the post-adolescent patients had either a scoliosis or kyphosis secondary to instability 

at the fracture sight only one case had paralytic spinal deformity, in contrast to all of 
the pre-adolescent patients (Mayfield et al, 1981). This work suggests that individuals 

receiving a spinal injury prior to puberty will develop progressive paralytic spinal 
curves, whereas those acquiring the injury later in life will mainly have spinal 
deformities associated with the injury site. Mayfield et al (1981) also reported on a 
variety of spinal deformities including scoliosis, kyphosis, and lordosis. They reported 
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paralytic scoliosis with either pelvic obliquity or spinal decompensation, or both, in 23 

subjects. Paralytic kyphosis was present in 16 subjects of whom 13 had progression of the 
kyphosis. The five in which lordosis developed, all had secondary hip flexion 

contractures. There was no apparent reason why scoliosis developed in some and either 
kyphosis or lordosis developed in others. Furthermore, there was no correlation between 

the level of injury or the type of injury and the predominant deforn-dty that developed. 

The authors did not report on malalignment of the pelvis in the sagittal plane. 
Lancourt et al (1981) report on fifty pre-adolescent cases of spinal column loss of 

muscular support following spinal injury. Thirty-one had scoliotic curves of more than 

20*; twenty-one of these were long paralytic curves of 40" or more. Age of injury and 

spasticity were the most important risk factors. Patients with lesions at all neural 
levels were at risk. On lateral roentgenograms the predominant finding was a reversal 

of the lumbar lordosis (curvature) into a kyphosis, with the development of a long 

thoracolumbar kyphosis. In five patients the opposite deformity, thoracolumbar 
lordosis, developed. Again, the study group were under seventeen years at time of 
injury, therefore extrapolation to those with post-adolescent injuries may not be 

appropriate. 
Pope (1985) reports on a postural study conducted in Putney, England with a group 

of 266 very disabled adult subjects; ninety-two percent had a primary diagnosis of 

central nervous system (CNS) deficits resulting from the following disorders; multiple 

sclerosis, cerebral vascular disease, cerebral palsy, trauma, and other CNS disorders. 

The remaining eight percent had diagnosis of other less common disorders. Two typical 

abnormal postures were reported which involved deformities of the spine. The first 

group had a forward curvature of the upper trunk and head, a flattened lumbar spine, 

and a pelvis tilted backward. The mid-thorax was supported against the backrest and 
the upper body assumed the characteristic "C" shape. The second group reflecting 
instability of sitting posture presented with the body arched backwards from coccyx to 

vertex. The upper trunk was supported by the top of the backrest, with legs flexed 

under the seat (Pope, 1985). Unfortunately, the study did not delineate what diagnoses 

constituted each group. It can be assumed that the spinal cord population fell into Group 
1, ie. the group that demonstrated a "C" shaped unstable trunk posture with the 
flattened lumbar spine. More importantly, the study does clearly show that there are 
other groups of disabled people, in addition to the spinal cord injured, who have spinal 
instability which dramatically effects their sitting posture and functional performance. 

Gibson et al (1978) reported on a study of progressive spinal deformity In 62 boys 

with Duchenne Muscular Dystrophy (DMD). Through review of clinical records they 
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noted two pathways of spinal deformities. One route taken by only a few patients was 

gradual stiffening of the spine in a somewhat hyperextended position over a period of 

years. This group were usually good sitters for a long time, but if they lived long enough 

even the stiff spine would develop severe lateral deformities. The more usual and less 

preferable pathway involves moving gradually from a straight spine, which is subject to 

small lateral curves but still correctable by muscular effort, to one that has a constant 

and fairly marked kyphosis, which the patient cannot correct. Thereafter, there is a 

fairly steady progression into severe kyphoscoliotic deformity that can be predicted 

with certainty. Unchecked, the spinal deformity progresses relentlessly to severe 

scoliosis without kyphosis that makes sitting very difficult and even recumbency a 

problem (Gibson et al, 1978). They make the case for prophylactic surgical stabilization 

of the spine from T4 or T5 to the sacrum, which can lead to improved sitting posture. 

In a previous report by the same group, they suggested that it may be possible to 

have more patients with DMD follow the first and more acceptable pathway thereby 

postponing or offering an alternative to surgery. To accomplish this they proposed to 

maintain intrinsic spinal stability by keeping the spine extended or hyperextended with 

the pelvis level from the beginning of wheelchair confinement (Gibson and Wilkins, 

1975). This concept lead to the design of the Spinal Support System, which is a seating 

insert designed to maintain the desired midline orientation of the hyperextended spine. 

Although the authors reported success in delaying the onset of lateral curvature in a 

significant percentage of cases (Gibson and Wilkins, 1978), this concept has not received 

widespread acceptance in the non-surgical management of DMD. 

Other than the above clinical studies, there is limited biornechanical analysis in 

the literature arising from laboratory studies on spinal instability related to specific 
disabilities. It is reasonable to conclude that the nature and progression of a disorder 

will have a direct bearing on the type and degree of muscle or skeletal involvement. 

For example, the results of a detailed biornechanical analysis of trunk instability for 

individuals with DMD will differ from the results of analysis done with individuals 

with spinal cord injuries. And even within a specific population biomechanical analysis 

will need to include variables related to the level of lesion, or degree of residual 

spasticity, or, if progressive, the stage in the progression of the disease. These are all 

extremely complex biornechanical variables, the analysis and determination of which 

may apply only to a particular individual at a particular time in the natural history of 
their disease. 

To summarize, it can be stated that there are populations of disabled people in 

addition to those with spinal cord injury that have widely varying degrees and types of 
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spinal instability and postural deformity. The nature of the spinal instability and 

abnormal posture is usually diagnoses or disease specific and varies significantly 
between individuals depending on the severity of the disease; and if it is progressive, 
the stage of its progression, and possibly the age of onset of injury or disease. 

Information on the biornechanical analysis of the unstable spine is even less complete 
than the available work on the normal spine. Clinical studies have indicated that 

abnormal spinal postures create discomfort, impair respiratory function, increase the risk 

of tissue damage, and reduce upper body function (Pope, 1985). Orthopaedic studies 
involving the traumatic paralytic spine commonly recommend surgical stabilization of 

the spine by bony fusion extending from the trauma site extending down to the sacrurn 
(Mayfield et al, 1981). In the case of neuromuscular disorders like DMD, early surgical 

stabilization has become the treatment of choice in many centres. 
Given the dearth of scientific and clinical knowledge on spinal biomechanics, 

especially as it relates to the paralytic spine, the simplistic analysis presented in 

Section 2.1 above seems reasonable in its assumptions. In essence, the model proposes 
that 'normal' spinal stability involves a complex interaction between spinal and 

abdominal muscles, supported by involuntary intra-abdominal and inter-thoracic 

'hydraulic' pressures, all interacting to support a flexible spinal column that is 

maintained in the normal 'S' configuration during sitting and standing activities. 
Diminution of muscle function either due to partial or total paralysis renders the spine 
inherently unstable and subject to the extrinsic gravitational forces. In addition, the 

extrinsic forces imposed by the postural alignment of the wheelchair seat support 

surfaces does little to compensate for losses of intrinsic trunk function. Loss of voluntary 
trunk stability, combined with the imposed configuration of the wheelchair seat, 
biornechanically necessitates that a person with diminished trunk control assume an 
abnormal sitting posture. This posture is characterized by a long 'C' shaped kyphotic 

spine, with an extended cervical spine, a flattened lumbar spine and a posteriorly tilted 

pelvis. If lateral trunk deformities are present trunk imbalance and pelvic deformities 
in the frontal plane can exist. Finally, it is postulated that this combination of trunk 

and pelvic abnormalities can be contributing factors to tissue problems, the effect of 
which is not fully appreciated by many researchers and clinicians. 

2.2.2. Involvement of the Pelvis 

It is difficult to separate the spine and pelvis because they are so intimately 

associated, especially when deformities are present. For example, in the management of 
cerebral palsy it is debated as to the temporal sequence of pelvic and spinal deformities. 
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Does a spinal deformity precipitate a pelvic obliquity and hip dislocation or does the 
hip dislocation occur first and then the other deformities follow? Letts et al (1984) in 

an indepth clinical and radiological review of 22 teenage subjects found that the most 

common temporal sequence was the dislocation of the hips, followed by pelvic obliquity 

and finally scoliosis. Although this finding serves to illustrate the intimate structural 

relationship between the spine and pelvis, the results do not apply directly to most 

other populations since the deforming mechanisms are likely quite different. As 

indicated previously, asymmetrical muscle contractions due to spasticity in the cerebral 

palsied group are reported as dominant factors (Fulford and Brown, 1976); whereas 
diminished muscle activity is the influencing factor in the spinal cord injured and DMD 

groups (Gibson et al, 1978). 
Drumond et al compared sixteen paralytic subjects with spinal Cord involvement, 

fourteen with spina bifida cystica. and two with traumatic paraplegia. All had a 

neurological level of L2 or higher with no sensation in either the buttock or 

sacrococcygeum. Fifteen able-bodied individuals were used for controls. Nine of the 
disabled subjects had previous pressure sore ulcers and the remaining six were ulcer free. 
All nine subjects with ischial and sacral decubiti showed redistribution of the sitting 
pressures posteriorly, asymmetrical loading of the ischiae, and higher than normal 
pressures under the sacrococcygeum. 7be conclusions were that the abnormal pressures 
were a result of unbalanced scoliosis, pelvic obliquity, and loss of physiological lordosis 
following spinal fusion. They also found that the neurosegmental level of paralysis did 

not correlate with the development of ulcers. They concluded from the study that in 

excess of 30 percent of body weight on an ischium is the critical amount that should not 
be exceeded. And that greater than 55 percent posterior weight distribution can be 

associated with increased risk, particularly when spinal fusion does not restore or retain 
an ample amount of lumbar lordosis (Drumond et al, 1985). 

The above study involved mainly a population of congenitally (pre-adolescent) 

spinal cord Injured subjects. As indicated by Mayfield et al (1981) caution must be 

exercised in extrapolating findings to the traumatic post-adolescent spinal cord injured. 
Although the possible detrimental effects of surface shear were indicated in the 
Drumond study, no attempt was made to measure shear forces. Also, interface pressure 
was measured only in one posture, therefore the possible effects of alteration of seated 
posture on pressure distribution were not considered in the study. And finally, no 
attempt was made to compare centre of gravity location between the disabled and 
normal control populations. 
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2.2.3. Contributions of the Wheelchair to Abnormal Posture 

The early history of wheelchairs remains somewhat obscure. Patent records in the 

United States Patent Office indicate that designs similar to the present configuration of 

user propelled wheelchairs date back to 1894 (Wilson, 1986). In 1937, Hubert A. Everest 

and Harry C. Jennings patented the present day cross-frame folding wheelchair (Everest 

and Jennings, 1937). This development rapidly replaced the pre-existing wood seat non- 
folding design, especially for nonambulatory people wanting a lighter weight 

wheelchair that would collapse small enough to be transported in an automobile. 

Probably no other single development has influenced personal mobility as much as the 

Everest & Jennings design, since it became the world-wide standard for the industry that 

remains to this day. 

In order to achieve light weight and ease of folding, the Everest & Jennings design 

used vinyl sling-type upholstery to replace the firm seat and back components of its 

predecessor. Unfortunately sling-type surfaces do not provide a stable sitting surface, 

especially when pelvic and/or spinal instability or deformity is present. Gibson et al 
(1975b) feel that the hammock seat invites pelvic obliquity. Zacharkow (1984b) makes 

the point that the hip on the high side of the pelvis may become subluxated and 
dislocated from being kept in a chronically adducted and flexed position. 

The hammock type backrest is designed to give approximately 10* trunk recline 
from the vertical. The backrest provides no lumbar support thereby allowing the 

superior aspect of the pelvis to rotate backwards into a posterior sitting position. This 

places the centre of gravity of the trunk either over or behind the ischial tuberosities 

with less weight being distributed over the posterior thighs (Zacharkow, 1984). With 

increased time the backrest upholstery stretches allowing further posterior pelvic sitting 

and an increase of the kyphotic spinal deformity. Continued deformity may allow the 

coccyx to become weight bearing (Howarth, 1978). Koreska et al (1976) and Gibson and 
Wilkins (1975a) felt that a scoliosis can be initiated by kyphotic sitting through 

unlocking the facet joints of the lumbar spine. Although one needs to use caution in 

extrapolating results from one group of patients to another, it is reasonable to assume 

that a biornechanically unstable spine in the lateral direction could yield similar 
lateral deformities in both children with progressive muscle weakness and those with 

pre-adolescent traumatic spinal cord injuries. And finally, Bunch and Keagy (1976) 

suggested that sitting in a wheelchair with marked kyphotic posture makes 
diaphragmatic breathing more difficult. 

Most wheelchairs are made with non-adjustable armrests. Armrests that are too 

low encourage a slumped kyphotic posture. Or, they can result in leaning to one side in 
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order to obtain trunk support. This will result in uneven pressure distribution across the 
buttocks, increase spinal imbalance, and possibly induce a subluxated shoulder joint on 
the weight bearing side (Zacharkow, 1984a). Armrests that are too high will constantly 
maintain the shoulders in an elevated position (Diffrient et al, 1974) and provide a less 

than optimum reaction point for weight relief through routine decompression. 
The wheelchair frame of most standard wheelchairs reclines the new seat up- 

holstery 3-51' from front to back, with the back reclined 7-10* from the vertical beginning 
just above the armrests (Zacharkow, 1984a). When sitting on this near horizontal 

surface with a reclined backrest, the angle of which usually increases with age, there is 

a constant tendency for the legs and pelvis to slide forward into the posteriorly-rotated 
sitting position. This results in an increased upper rotation of the pelvis (posterior tilt), 

an increased kyphosis of the lumbar spine and more weight bearing concentrated over 
the ischial tuberosities, coccyx, and lower sacrum (Zacharkow, 1984b; Drumond et al, 
1982), with potentially dangerous shearing (friction) forces occurring at the seat surface 
(Zacharkow, 1984b). 

In reclining backrest wheelchairs with large seat to backrest angles, there is even 
a greater tendency for forward sliding which must be resisted by interface friction and 
shear stresses forces at the seat interface. In this position the weight of the abdomen 
also tends to flatten the lumbar curve when sitting in a semi-reclining position (Keegan, 
1953). 

The height and anteroposterior position of the feet relative to the seat surface are 
also variables dictated by the design of the wheelchair. In order to allow propulsion 

and steering with large diameter rear wheels, castered front wheels are used on most 

wheelchairs. In order to maintain optimum seat to floor height and allow use of the 
largest possible diameter of front caster wheels, the footrests are positioned forward of 
the caster wheels. This configuration, although allowing free rotation of the large 

casters, means that the knee joint must be extended to approximately 30-35". Stokes and 
Aberey (1980) showed correlation supporting the hypothesis that straightening the 
knees produces flexion of the spine to an extent dependent upon hamstring tightness. It 

was found that compared to the standing curvature of the lumbar spine, individuals 

with tight hamstrings have a greater loss of lumbar lordosis when the knees are 
straightened from 90* to 45* of flexion. It is common for nonambulatory individuals to 
have hamstring tightness or spasticity that prevents extending of the knee joints in the 

seated position. Therefore, being forced to sit with the knees in 30-3511 of flexion can 
exacerbate the posterior pelvic sitting posture due to the pull of the hamstrings on the 
ischial tuberosities. 
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Regarding the height of the footrests Lindan et al (1965) found that pressure under 
the ischial tuberosities markedly increased with the feet supported. They therefore 

concluded that the feet of a person in a wheelchair should bear little or no weight. 
Zacharkow (1984b) contests this view indicating that unsupported feet for most SO 

individuals will create an unstable posture. He maintains that the thighs will be 

slanted downwards on the seat increasing the tendency for the buttock to slide forward. 

He further cautions that with no weight bearing through the feet there will be very 
high pressure along the distal posterior thigh. This may in turn obstruct the venous 
blood flow from the lower legs. He therefore concludes that the feet should definitely 

bear some weight when sitting, but only when combined with 10* of seat inclination, 151, 

of back inclination and a lumbar pad (Zacharkow, 1984b). 

2.2.4. Anthropometric Factors 

Differences in body build, an atrophied lower body, and decalcification of bone 

mass can significantly alter the biornechanics of tissue loading and the orientation of 
the centre of gravity. Garber and Krouskop studied the relationship between body build 

and pressure distribution in 67 subjects with severe spinal cord injury, 60% had 

quadriplegia and 40% had paraplegia. It was found that thin subjects had a 

predisposition for a maximum pressure in a critical area, and as a group showed 

significantly higher pressures over bony prominences than did average weight or obese 

subjects (Garber and Krouskop, 1982a). 
Another study involved anthropometric measurements on 131 nonambulatory 

subjects with cerebral palsy and compared the results to anthropometric data derived 

from normal subjects. It was found that the differences in most critical seating 

measurements gradually increases with age yielding an approximate 20 percent 
difference at maturity. Body weight being the exception in which a 30-35 percent 
increase of normal individuals over disabled exists at maturity (Hobson and Shaw, 
1987). 

Atrophy of paralytic muscles can affect the distribution of body mass. Therefore, 

data from able-bodied studies must be used with caution when analyzing the centre of 

gravity, for example, of the seated person with a spinal cord injury. Shifts in the centre 

of gravity resulting from reduction in the weight of lower body segments may have to be 

taken into account when analyzing alterations to pressure distributions and stability of 

seated people with weight-altering disabilities. 
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2.2.5. Other factors 

There are a number of additional factors that can directly or indirectly precipitate 

an abnormal sitting posture and therefore supposedly an increased predisposition for 

added tissue stress over susceptible areas of the pelvis and buttock. 

Perpetual sitting in the cross-legged position causes adduction on the elevated side 

and transfer of additional weight bearing to the contralateral side. Pelvic obliquity 

with lumbar spinal involvement can lead to fixed structural deformities of the spine and 

pelvis. 

Unilateral wasting or atrophy of the buttock tissues may occur when incomplete 

spinal cord injuries are present. If left uncompensated, pelvic obliquity can result in 

increased tissue stresses on the atrophied side (Zacharkow, 1984b). 

Asymmetrical upper body activities such as writing or similar unilateral manual 

tasks can foster asymmetrical postures that result in unbalanced pelvic and femoral 

loadings. 

Unilateral removal or reshaping of an ischial tuberosity (ischiectomy) can create 

asymmetrical pressure distributions, with the load being shifted to the intact ischial 

tuberosity (Guttman, 1976). Zacharkow (1984b) expresses concern regarding the person 

having a recurrent sore over the resected area, or developing a new pressure sore over 

the posterior aspect of the greater trochanter on the same side. He claims that 

following a ischiectomy a gluteal pad will be necessary under the cushion on the 

resected side in order to level the pelvis. 

Bilateral ischiectornies effectively lower the remaining bony structures of the 

pelvis, such as the coccyx and posterior aspects of the greater trochanters. Although 

asymmetrical loading may not result, malalignment of the pelvis such as may occur in 

slumped sitting may place the inferior aspect of the sacrum at high risk of impingement 

on the seat surface. 

Unilateral hip disarticulation amputations can create unbalanced sitting. Unless 

trunk support and compensation is made to the seating surface the individual will 

attempt to shift the body mass over the remaining hip in order to achieve sitting 

balance, resulting in increased pressures over the nonamputated side (Zacharkow, 1984b). 

A unilateral hip flexion contracture which limits hip flexion unilaterally to less 

than 90*, will often cause a person to sit with the trunk shifted over the nonrestricted 

side. This position can cause increased asymmetrical pelvic loading on the unrestricted 

side which could lead to elevated pressures and eventually tissue breakdown. 
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2.3. SUMMARY AND RELEVANCE TO STUDY 

This subsection has highlighted a variety of factors that can induce elevated 

normal and possibly shear stresses within the critical pelvic tissues. Many of the 

factors are not well understood by clinicians involved in pressure sore prevention and 

treatment. The contribution to abnormal posture induced by the design of the 

conventional wheelchair is rather evident. Additional factors, such as unilateral bone 

resections or amputations can create imbalances to sitting postures that result in 

increased unilateral loading to either side of the pelvis and its supporting tissues. 

Contractures, residual spasticity, perpetual sitting postures and unilateral atrophy can 
be present in varying degrees thereby contributing to altered and asymmetrical force 

distributions. 

This study is primarily concerned with alterations in pressure distribution and 

tangentially-induced shear force patterns resulting from deformity and/or changes in 

body posture, and in quantifying the differences that may exist between normal and 
disabled populations. It is therefore important to be aware of the possible contributions 

of the numerous other factors highlighted above when attempting to draw any 

conclusions from the results of this study. In addition to the findings of this study it 

will be equally important to underscore the relevant and consistent findings that exist 
throughout the literature, especially when making recommendations for improvement to 

clinical practice. 
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CHAPTER 3. CONCEPTS ON THE BIOMECHANICS OF BODY SUPPORT 

3.1. INTRODUCTION 

In contrast to the biomechanics of abnormal sitting posture, a considerable volume 

of literature exists on the mechanics of body/interface support, especially as it relates to 

tissue viability of the spinal cord injured (SCI) population. Identification of the stresses 

occurring at the body-support interface and the response of tissues to these stresses 
provides important background for this study. Also, techniques for measuring interface 

stresses and centre of gravity locations are reviewed in an effort to identify 

methodological approaches that can be adopted in total or in part for this study. 

3.1.1. Identification of the Primary Factors 

Everyone, disabled and able-bodied alike, is subjected to gravitational forces 

acting vertically downwards. We remain stationary because equal and opposite forces 

are exerted by the surfaces which support us. For individuals sitting in a wheelchair, 
the support surfaces of the wheelchair exert forces on the body in Identifiable locations. 

In particular, forces exerted by the backrest, seat surface, footrests, and armrests 
maintain the body in the stationary position (fig 1.1). In general, the body weight 
resulting from the gravitational effect is supported and transmitted by the skeletal 
structure. Transmission of the body weight to the external support surfaces, i. e., the 

wheelchair, occurs across or through soft tissues. These tissues are skin, underlying fat, 
fascia and muscle. The transmitted forces have a potential for damaging the soft 
tissues. 

The critical factor is not simply the force, but the ratio of the force to the surface 

area over which it acts. This concept is known as stress and defines the 'force intensity'. 

Another important factor is the direction in which the force acts on the tissue. It is 

convenient to divide the forces into two types; direct and shear components. Direct or 
normal forces act perpendicular to the skin surface and when defined in terms of 'force 

intensity' are known clinically as normal stress or interface pressure. Shear forces act 
tangential to the skin surface and when defined in terms of 'force intensity' are termed 

shear stresses. This combination of normal and shear forces are thought to cause complex 
distortions and compressions within the underlying tissue structures that interrupt the 

perfusion of oxygen and nutrients essential for cell survival. 
Direct or normal supporting forces are the most common in erect upright sitting. 

However, when slumping or reclining of the trunk against the backrest occurs, reaction 
frictional forces at the support surfaces must occur in order to maintain equilibrium and 
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prevent motion of the body (fig 1.1). The frictional forces are in fact shear forces that 

ultimately must react between the support surface, the clothing, the skin and its 

underlying structures. 
The above biornechanical picture applies only to a body remaining at rest, i. e., 

under static equilibrium. Movement of the body generates forces that are proportional to 

the mass of the body segment being moved times the acceleration of the movement (i. e., 
F= ma). Active people in wheelchairs are constantly moving and therefore generating 
dynamic interface forces, of both types, that can have peak values higher than the 

resting or static forces. These forces are sometimes termed impact forces and may cause 

quite different responses in the supporting tissues (Brand, 1976). 

3.1.2. Contributions of Posture and Deformity 

Of particular concern to this study is the potential contribution of body posture and 
deformity to the normal and shear stresses. As indicated previously (vide 2.2) many 

people sitting in wheelchairs acquire asymmetries of sitting postures which can 
drastically alter the force distribution patterns across the support surfaces and therefore 

the supporting tissues. Alterations to locations of centre of gravity of the trunk relative 
to the pelvis in the anteroposterior (sagittal) plane is a common observation. Lateral 

deformities of the spinal column with involvement of the pelvis generates similar 

asymmetrical stresses when viewed in the mediolateral (frontal) plane. Dynamic loads 

created during movement or functional activities can further alter the magnitude of the 

stresses throughout the supporting tissues. These stresses, as well as applying 

compressive loads to the tissue, can also cause distortional effects to both the skin and 
the underlying tissue structures. 

3.1.3. Other Contributing Factors 

In addition to the normal and shear stresses other extrinsic factors have been 

identified that can have detrimental effects on the supporting tissues. Build up of 
moisture between the skin and the body support surface is thought to effect the me- 

chanical properties of the skin Mandel and Lewis, 1975b). Temperature increases have 
been measured at the interface surface(s). There is evidence to suggest that temperature 
has a direct bearing on the metabolic requirements of the cells of the skin and 

underlying structures (Hyman and Artique, 1976). 

When disease or paralysis are present systemic factors become issues of concern. 
For example, protein deficiencies, neurogenic disorders, biochemical imbalances, general 

nutritional status, oxygen transfer rate, venous congestion, infection all have been 
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identified by researchers as potential contributing factors to tissue necrosis and 
breakdown. These latter factors, although not directly related to the scope of this 

study, are important to recognize since they can alter the clinical perspective of the 

mechanical variables central to this study. 

3.2. A REVIEW OF THE STRUCTURAL PROPERTIES OF SKIN 

Forces acting on the body surface produces stresses and strains (distortion) to the 

underlying body tissues. The relationship between stress and strain depends upon the 

mechanical properties of the tissue. Kennedi et al (1975) applied a variable force to 

excised tissue and measured the strain. The resulting stress-strain curve shows skin to be 

non-linear with a large initial deformation occurring upon application of the force. 

They also showed the existence of variability of skin extensibility depending on its 

orientation to loading and the body site from which it was excised. Other investigators 

have studied the mechanical properties of skin. Findlay (1971) studied the torsional 

properties, Hickman et al (1966) the compression properties; Evans (1973); Kenedi et al 
(1975) examined the time required by skin to recover from a period of maintained stress. 
They found that skin will not return to its original condition unless it experiences the 

stress and strains to which the skin is normally subjected. This may have important 

implications for the period of time required for pressure relief of supporting tissues. 

Other studies investigated the response of skin and superficial tissues to repetitive 
loadings. It was concluded that application of cyclic loading or deformation of tissue 

produces an apparent change in the mechanical characteristics which is related to the 

loading frequency and time the load is applied (Evans, 1973). This finding is supported 
by the work of Brand that showed correlation between repetitive mechanical stress 

with specific threshold levels and the ulceration of tissue in the foot pads of rats. It 

was concluded that so long as the repetition of stress stays below certain threshold 
levels of magnitude and frequency, the inflammatory process seems to be associated with 

a protective hypertrophy (Brand, 1976; Brand and Mooney, 1977). Again, this has 

important implications relative to the etiology of pressure sore formation in the seated 

person, especially if they are active and at risk of subjecting their supporting tissues to 
high repetitive loads, without giving the tissues sufficient time for cellular recovery. 

When viewed as a whole, the body tissues are composed of different structures 
that exhibit inhomogeneity as a mechanical structure. On the macroscale there are 

clear divisions between the skin, the underlying fat, fascia, muscle and bone. At the 

various interfaces there are inhomogencities in the distribution of stress and strain 
(Gibson et al, 1976). Many of the arteries that supply the skin are at right angles to 



37 

the boundary between the skin and subcutaneous tissues. Distorting shear forces acting in 

the plane of the skin could produce sufficient deformation to cause reduction in the 

nutritive supply to the skin. 
At the microscopic level skin consists of collagen, elastin, and Teticulin - embedded 

in a viscous ground substance (Gibson et A 1976). Survival of the structure depends on 

the living cells within the skin. Mechanical stresses which exceed some critical 

threshold may cause micro-circulatory failure and if protracted may lead to tissue 

damage and necrosis. Less than optimal systematic conditions may contribute to this 

process by lowering the threshold at which irreversible damage occurs. 
And finally, models are being developed in an effort to describe and predict the 

quantitative relationships between stress, strain, time, and the physiological factors at 

play within the tissue structures (Hickman et al, 1965; Brown, 1971; Pawan, 1971; Gibson 

et al, 1976; and Bennett, 1975,1979). At this time, there is still not a quantitative 

method to make accurate predictions regarding the viability of supporting tissues at the 

body support interface of the seated or lying person. However, many of the parameters 

that have been studied have significantly increased our knowledge as to the actiology 

of decubitus ulcers. 

3.3. DEVELOPMENT OF CONCEPTS ON THE AETIOLOGY OF DECUBITUS ULCERS 

Many investigators have published on the pathogenesis, prevention and 
treatment of pressure sores (Rudd, 1962; Exton-Smith, 1961; Lindan, 1961; Merlino, 1969; 

and Guthrie and Goulian, 1973). An accepted theory is that pressure ulcers are 

primarily the result of tissue death (necrosis) which has occurred in response to 

externally applied mechanical loads. The structure of normal skin and physiological 

processes involved in maintaining healthy tissue are fairly well understood (Ferguson- 

Pell, 1977). In contrast, the exact causes and mechanisms of soft tissue breakdown 

resulting in pressure sores are not as well known. During normal activities such as sitting 

or lying, relatively small volumes of flesh are compressed between the internal bony 

skeleton and the external surface. Since most of the body weight is carried by the 

skeleton, extremely high tissue stresses can be generated. Therefore, decubitus ulcers 
(pressure sores) are assumed to be caused by pressure-induced vascular ischemia resulting 
in tissues being deprived of oxygen and nutrients. The non-rigid walls of blood and 
lymph vessels collapse under pressures that are higher than that of the fluids inside. 

Also mechanical deformations of the flesh due to high levels of sustained loads or more 

moderate repetitive forces are of importance in producing tissue damage (Brand, 1979) 
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Studies have focused on the biornechanics of pressure sore formation. 

Investigators have studied blood flow and tissue mechanics in attempts to quantify the 

relationship between externally applied loads and the internal stresses that result in 

cessation of blood flow. The classical work done by Kosiak (1959,1961) extended the 

studies of the variables governing soft tissue breakdown to include time and pressure. 
While Kosiak's important inverse relationship between time, pressure and breakdown 
has considerable variances associated with it, the clinical significance was shown by 
Rogers et al, (1974) and Reswick and Rogers, (1976). 

Many studies have been designed with animals in order to determine the amount 
of externally applied pressure that will create tissue breakdown. As a result, 
substantial data has been collected which indicates that pressure ranges from 30 mmHg 
upwards are necessary to produce tissue breakdown (Kosiak, 1959; Dinsdale, 1974; 
Cochran and Palmeri, 1980). 

These early studies and subsequent clinical experiences tended to evolve the 

common belief that continuous application of pressure above a certain level will impair 

tissue perfusion and result in ulcer development. The pressure/time relationship 

proposed by Kosiak (1961) and later by Reswick and Rodgers (1976) has spurred the 
development of a number of seat cushions that have the ability to minimize the 

maximum pressure under the ischial tuberosities to 60-80 mmHg (Souther et al, 1974; 
Ferguson-Pell et al, 1980b; Cockran and Palmari, 1980). These pressure levels have 
become generally accepted as desirable safe levels for people sitting with insensitive 
buttock skin. It further assumes that relief of sitting pressure will be obtained at least 

several times an hour by decompression or shifting of the torso. 
Reichel (1958); Bennett (1971,1972); Dinsdale (1974); Chow and Odell (1978) and 

Bennett et al (1979,1984) have researched the role of shear stress. Their work suggests 
that shear forces can add significantly to the effect of externally applied normal forces 

towards occlusion of blood flow in soft tissues. However, it remains unclear as to exactly 
how these findings can be related to buttock tissues under stress. 

As these early studies became publicized subsequent investigators began to 

appreciate that tissue breakdown is probably a multi-faceted process. The additional 

variables identified included such factors as; temperature, humidity, general medical 
condition, local tissue integrity and viability, age, activity level, nature of the tissue 
loading, altered sensation, as well as psychological and psychiatric factors. However, 

work in these areas has not resulted in clear qualitative relationships between the 

variables and ulcer formation. Therefore, clinical indicators or guidelines for acceptable 

values for these parameters do not exist. 
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As indicated, rat studies done by Brand (1976) has contributed to the knowledge 

about the effects Of repetitive Stress on soft tissue breakdown. In Brand's experiments, 

repetitive sub-critical loads were applied to the rats foot pad over a period of three 

weeks in different patterns. These loadings created necrotic areas in the soft tissue that 

had characteristics similar to those of pressure sores. Of particular importance was the 

finding that during the stressing of the soft tissue, an introduction of rest intervals 

followed by restressing caused the soft tissue region to hypertrophy and become capable 

of bearing much greater external loads than before. Manley (1980) also conducted 

similar studies involving repetitive mechanical stress. The extent to which this 'tissue 

conditionine phenomenon may apply to the buttock tissues of an activ e spinal cord 

injured person is unclear. One possibility is that an individual may inadvertently 

subject their tissues to repetitive sub-critical stresses that results in 'work toughening' 

whereas another person may exceed the critical threshold and progress to soft tissue 

breakdown. 

The role of skin temperature and perspiration in the process of soft tissue 

breakdown has also become an area of research interest. The soft tissue has been 

modelled as a chemical engine in which slight increases in the operating temperatures 

in the environment produce dramatic effects by increasing the metabolic demands of the 

cells in the local region (Hyman and Artique, 1976). The use of temperature change as a 

predictive tool has been explored in several laboratories. Infrared thermography has 

been employed to study thermal effects in the skin in an effort to monitor its responses to 

external stresses (Brand, 1976; Hahn and Black, 1977 and Manley and Darby, 1980). it 

has also been used to monitor the rate of healing of established pressure sores (Barton 

and Barton, 1973) . 
Paterson questioned the dominant importance of pressure as the causative factor 

in formation of ulcers. He argues that several investigators (Dinsdale, 1973 and Danial 

et al, 1981) have shown that the pressure that develops ulcers under controlled 

conditions is higher than the acceptable pressure level (60-80 mmHg) that will result in 

an ulcer-free condition in patients (Paterson, 1984). The growing number of reports that 

show no correlation between level of spinal lesion and formation of pressure sores casts 

further question on the static pressure theory. Paterson concludes that a significant 

factor is shear and oscillatory changes in pressure which may result in peaks much 

greater then average. He makes the point that paraplegics are more active in body 

movements which results in more shearing and repeated dynamic pressure loading, 

which explains the unexpected higher incidence in ulcer formation when compared to 

tetraplegics (Paterson, 1984). Paterson's argument that the tissues of paraplegics 
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experience higher shearing and repeated dynamic loading appears a logical conclusion 
from his review of the relevant finding; however, several questions remain. As 

discussed above, Brand's experiments indicate that 'work toughening' occurs as a result of 

repetitive dynamic loading. Paterson! s argument does not appear to take this finding 

into account. Also, dynamic shear stresses that occur at the surface of the skin may 
have only a coincidental relationship to the deeper shear stresses that are thought to 

cause occlusion of the nutrient supply to the deeper tissues. 

Neumark (1981) makes a strong claim that tissue deformation and not pressure 

are the prime cause of pressure sores, and therefore pressure should not be cited as being 

the major actiological factor. 

In summary, of all of the variables that can have a detrimental effect the 

supporting tissues, the concern for excessive and prolonged interface pressure has had the 

greatest impact on present day clinical practise. Unfortunately, most research studies 
isolated for examination only one or two variables, leaving the other variables 

uncontrolled or assumed constant. It is now difficult and often impossible to compare the 

results obtained in one laboratory directly with the results from another. As a result, 

now twenty years later, the general trends that have resulted from the pressure studies 

are clinically valuable, but agreement on specific threshold values is often found to be 

lacking. FuthermOTe, the relative contributions of temperature, humidity, shear stress, 

posture, deformity, dynamic stresses, psychological factors, and activity level are even 
less well understood. As a result clinical measurement tools and guidelines for their 

application are not generally available. And finally, of even greater concern is the 

apparent lack of general awarefiess as to the possible deleterious effects of these latter 

variables, especially if their effects can be cumulative. 

3.4. TECHNIQUES FOR QUANTIFICATION OF THE BODY-SUPPORT INTERFACE 

VARIABLES 

3.4.1. Identification of the Variables 

SUPPOTt of the body weight in lying, in sitting, and in standing necessitates the 

transmission of stabilizing forces via the supporting tissues to the support surfaces. As 
indicated previously, under certain conditions which are not fully understood, the 

stabilizing forces can damage the tissues to the point of ulceration. There is convincing 

evidence that mechanical stresses acting at the body support interface can cause damage 

to the underlying soft tissues. Subcutaneously this process is associated with the 

vascular occlusions, ischernia and eventual necrosis (Kosiak, 1961; Fernic, 1973; Brand, 

1976; and Ferguson-Pell, 1977). Numerous techniques have been developed to study the 
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mechanics of the interface stresses and the detrimental effects caused to underlying 
tissues. 

Early efforts focused on developing techniques to quantify normal stresses and 
tempera ture/humidity effects. More recent work has been directed towards the 

measurement of tissue distortion or changes in tissue shapeý In parallel with efforts to 

study interface parameters, work has been done on studying the underlying interstitial 

and arterial systems. For example, studies on alterations to blood supply, lymphatic 
drainage, biochemical changes and transcutancous oxygen tension (tc P02) have been 

undertaken. 
Since this study investigates the contribution of posture and deformity to 

interface stresses, an appreciation of the attributes and limitations of the relevant 
laboratory techniques used in previous studies is essential. The following review is 
intended to be selective rather than exhaustive, since many of the earlier methods used 

are now more of historical interest than of practical value to current work. Therefore, 

emphasis will be placed on the more recently reported techniques that appear to have 

particular relevance to the objectives of this study . 

3.4.2. Normal Stress (Pressure) at the Body/Support Interface 

Ferguson-Pell (1980) outlined the analytical criteria that should be considered 

when designing or assessing devices for use in the measurement interface pressure. 
Although a number of assumptions were made that may or may not apply to a particular 
interface situation, the criteria serve as useful guidelines. His specifications for a 

general purpose transducer for use in resolving pressure differences across non-uniforin 

pressure surfaces without causing undue perturbating artifacts are as follows. 

A suitable transducer should have an aspect ratio (diameter: thickness) of 
1: 30, yielding a maximum diameter of 14 mm, and 0.5 mm thickness in order to 

adequately differentiate peak pressures. It must have a low response to non- 
axial stress and to hysteresis effects, particularly when curved surfaces are 

present. The device should respond independently of environmental 
temperature and humidity conditions. Calibrations should be possible in a 
manner that is comparable to the actual interface usage conditions. Finally, 

the device should be reasonably priced, relatively easy to use, and be 

sufficiently durable to withstand the rigors of clinical usage. 
Lindan et al (1965) pioneered the pressure mapping field using a device termed 

the "bed of nails". The device consisted of spring-loaded nails mounted on a2 cm matrix 
to form the contours. Measurement of the nail movement (1000 for supine subjects, 150-300 
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for sitting subjects) against calibrated springs gave the contour information. However, 

the linear movement devices of this kind do not respond well to tangential forces, which 
causes the nails or sliding elements to jam and thereby limit their vertical movement. 

Fernie (1973), in his Ph. D. dissertation, prepared an exhaustive analysis of the 

transducer technology used prior to that time. Of particular note was the early work of 
Swearingen et al (1962) who used absorbent paper over inked corduroy cloth to obtain 
the pressure distribution of the buttock and thighs of a seated person. Frisina and 
Lehneis (1970) used an acid indicator. Brand (1969) used microcapsules to determine 

pressure distributions under insensitive feet. All of these systems, although ingenious in 

their time, were sensitive to environmental conditions, awkward and time consuming to 

use, and most responded to the time rate of loading and non-axial forces. 

Aronovitz et al (1963) reported on the early design of a pneumatic cellular 

matrix system that was used to measure isobars of pressure. This early technique which 
has since been refined forms the basis for a number of commercially available pressure 

monitoring systems. 
During the late 1960's and 70's a host of transducers were developed that relied 

on either resistive, inductive, or capacitive electrical principles. The basic approach is 

to deform an elastic material between conductive plates and measure the response 

electronically by resistive, inductive, or capacitive techniques (Ferguson-Pell et al, 
1976). Problems associated with the early designs were hysteresis (resistive), electronic 

noise (inductive) and nonlinearity (capacitive). Bush and Brooks (1969) reported on the 

use of a multilayer capacitive device. The development and use of strain-guaged 

transducers was reported by Fernie (1973). Maslin (1969) detailed the sources of error in 

the "Katie" beam design as did Fernie (1973) on the modified version. Fernie 

demonstrated the problems of in-plane forces corrupting the normal forces. 

None of the miniature electronic devices have been refined to the point of a self- 
scanning matrix system that is commercially available for routine clinical use. A 

partial exception to this statement is the 64 cell (8 x 8) matrix reported by Drummond et 
al, (1982b). They constructed a pressure scanner which used 64 strain guage resistor 
transducers mounted on an aluminum plate. The limitation of the approach is its 

inability to monitor curved surfaces and the cost and complexity of the electronics. The 

device was never refined to the point of commercial availability, therefore no 

confirming studies have been possible by other investigators. 

Patterson and Fisher (1979) studied the accuracy of five different miniature 
transducer designs. They placed the transducers under a pressure cuff located over 

various bony and soft tissue areas of the leg. The average error between the transducers 
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before placement varied from 20.4 to 54.9 mmHg depending on hardness of the underlying 

surface. 
A number of attempts have been made over the years to use barographs for 

monitoring pressure patterns. Minns (1986) reports on the design of an'Ischiobarograph' 

which used reflected light, a television camera, and a colour monitor to display the 

results. The limitations of this approach is that it requires the patient to sit on an 

artificially flat surface. Therefore, monitoring of pressure directly under a person sitting 

on a cushion in their wheelchair would be very difficult, if not impossible. 

Holley et al (1976) reports on the development of a water filled, air tight 

transducer connected to a physiological pressure transducer. A 10 cell version was 

constructed using a ten-way valve. The system was used successfully to compare the 

pressure distributing qualities of three different cushions. This approach was never 
defined for use by other researchers or clinicians. 

Mooney et al (1971) described the use of a copper grid on either side of the inner 

surfaces of the flexible PVC air-tight pneumatic cell. When the external pressure 

exerted on the sensor was equivalent to the internal pressure in the cell the copper grid 

would make or break an electrical contact. This concept has received widespread use in 

several commercial versions (Scimedics Pressure Evaluation Pads in the USA and Talley 

Skin Pressure Evaluation in the UK). The device uses only one large sensing area (7 

cm2). This necessitates moving the patient if multiple areas under the patient need to 

be monitored. The need to move and reposition patients is probably one of the main 

sources of errors in pressure monitoring (Bader, 1982). Mayo-Smith and Cochran (1981) 

offered a partial solution to the problem by developing a manifold system that allowed 

connection of five single-cell pneumatic transducers of the Scimedics; design. 

Garber et al (1978) describe a 12 x 12 air cell pressure pad with pneumatically 

controlled switches. The 144 sensing cells in the matrix pad have a 22 mm diameter 

spaced on 29 mm centres. Each cell contains a pair of silver contacts connected by 

flexible silver leads to a data output module. Its make or break state is monitored by 

144 lights on the readout display. The cells are inflated until all the contacts are 
broken and the display lights are out. The air is then slowly bled from the cells and 
the pressure noted when the lights come on, i. e., contact is made within the cell. It is 

claimed that the switches remain in contact with the cushion and patient for moderate 

changes in body contour. For any particular supply pressure a map of cells is produced 
for which the applied interface pressure exceeded the supply pressure. A maximum 

error of less than 5 percent in clinical situations was determined (Garber et al, 1978). 
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The commercial version of the system is called the Texas Interface Pressure Evaluator 

(TIPE). 

Lincoln et al, (1988) report on the development of an electronic interface for the 

TIPE, designed to be used with an IBM PC or PC compatible. The interface elec- 
tronically monitors the pressure profile of the 144 cells of the TIPE and displays tile 

results in coloured graphics on the computer screen. They emphasize the potential for 

error in using absolute values and indicate that more accurate information results when 
relative interface pressures are used. 

Although conceptually advanced, several problems have been encountered with 
the TIPE system. First, the silver contacts rapidly deteriorate and the pad gives 

spurious results. Secondly, the inflated cells throughout the matrix can act as an air 

cushion, which is likely to reduce the applied pressure in adjacent areas leading to 
inaccurate recordings (Bader, 1982). Calibration of the TIPE system is also difficult 

since a calibration instrument does not come with the system. Measurements are limited 

to a maximum value of 150 mmHg. 
Bader (1982), Bader et a] (1984) and Bader and Hawken (1986) report on the 

development and use of a pressure monitoring device termed the Oxford Pressure Monitor 

(OPM). The OPM has been designed to eliminate the problems inherent in the TIPE 

device; namely, short pad life due to breakage of electrical connections and thq air 

cushion effect. Briefly, the OPM uses a3x4 cell pneumatic matrix transducer pad 

without internal electrical contacts. 'I'lie control system continuously monitors the 

pressure gradient within the cell and can detect the point at which internal and 

external pressures equalize. It then records and displays the pressure at that point. 
Since the OPM has been chosI-n for use in this study, it will be described in more detail 

in Part 2. 

Several investigators have done comparative studies between various types of 
transducers, interface materials, and surface configurations. Roger and Chung (1985) 

compared three commercial pneumatic pressure monitoring devices; tile Scimedics 

pressure guagc, the TIPE, and the Oxford Pressure Monitor. They calculated, measured 

and compared pressure values under three different laboratory conditions, each designed 

to simulate different loading configurations at the body-seat interface. The tests 

simulated point, planar, and curvilinear loading conditions. The calculated values of 
the interface pressures were based on measurement of the contact area and the normal 
load. The point loading was done against a rigid surface, the planar loading between 

pneumatic bladders and the curvilinear test was done oil polyurethanc foam. In no case 
did the calculated values equal the measured values' and in so me cases the difference 


